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PREFACE 
This thesis contains the results of a research project that was 
initiated in 1976 at the department of solid state chemistry at the 
University of Nijmegen. The purpose of the investigations was to study 
various aspects of the growth and properties of polycrystalline silicon 
in connection with its application in solar energy conversion. The 
experimental work was conducted under the patronage of Prof. dr. J. Bloem 
and Dr. L.J. Giling, and was supported by two grants from the Commission 
of the European Communities (Nr. III-76-8 Es N and Mr. 442-78-2 ES Ν). 
I should like to thank everyone who assisted in the research which 
led to this thesis. First of all Joe Monkowski, whose help in the electri­
cal characterization has been invaluable, and Willem van Enckevort, whose 
co-autorship of Section 2.5 I appreciate very much. Also, I am indebted 
to Gerda Schenk, who helped in getting the work started; to Johan Maes, 
for his persistence in the electrical measurements; to Frits Jakma and 
Gerard Staarink for their thermodynamic computations; to Hermy Lensen 
and Hugo de Moor, who prepared scores of samples, to Harry van der Linden 
and Jan van Oyen for their technical assistance; to II. do Haas, F. de 
Boer, and G. Broekhuijsen for building the CVD system; to Jan Klerkx and 
Antonie Verhees for their help in preparing the manuscript; and, not least, 
to the members of the department of solid state chemistry, for their 
pleasant company. 
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1. INTRODUCTION 
1.1. SILICON PHOTOVOLTAIC SOLAR CELLS 
Due to the widespread application of silicon in the field of 
semiconductor technology, the preparation of silicon crystals has been 
studied extensively during the last three decades. The growth of 
perfect silicon crystals is a laborious and consequently an expensive 
process. In the electronic industry, the high material costs that are 
encountered in the preparation of solid state circuits are reduced by 
the continued scaling down of the device dimensions by the technique 
of integration. 
Since a few years, silicon is also being used as a starting 
material for the construction of photovoltaic solar cells for 
terrestrial applications. A solar cell is defined as a photovoltaic 
device designed to convert sunlight into electrical power, and to 
deliver this power into a suitable load in an efficient manner 
Thus, the cell material should have the following properties: 
(i) mobile charge carriers are generated under the influence of 
incident sunlight, and (ii) the minority charge carriers have to be 
separated, thus causing a potential difference that can be used 
externally. The band gap magnitude in silicon (1.1 eV) matches the 
sunlight spectrum, and thus silicon meets the first requirement; charge 
separation can be brought about by the incorporation of a shallow 
potential barrier beneath the semiconductor surface, viz. a Schottky 
barrier or a p-η junction. 
The major stages in the fabrication process of silicon solar arrays 
are (i) the reduction of mineral SiO to pure Si, (ii) the crystalliza­
tion of silicon to sheet form, (iii) the preparation of devices and (iv) 
2) the assembly of arrays . The production costs of silicon crystal 
layers and the efficiency of the photovoltaic energy conversion by these 
layers are the principal factors that determine the interest of solar 
cell devices for terrestrial applications. 
The highest efficiencies are obtained if high quality silicon, i.e. 
monocrystalline pure layers, are used. The fabrication of monocrystal-
line silicon sheets involves the following steps: (i) the purified 
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silicon is molten, and from this melt a cylindrical crystal is pulled 
(the Czochralski method ) ; (ii) the crystal is cut into slices, which 
are subsequently polished. These slices, with a thickness of about 
0.3 mm, are used as a starting material for the preparation of photo-
voltaic devices. Since large areas of silicon are required for a 
reasonable power output (monocrystalline Si solar cells exhibit 
measured efficiencies up to 18% ), the material costs are high. 
Moreover, about 50% of the material is lost during the preparation in 
the slicing and polishing stage. However, the absorption of light occurs 
predominantly in a shallow layer near the surface of the photovoltaic 
cell (80% of the incident light is absorbed in a layer of 10 um 
thickness ); thus, virtually all hole-electron pairs are generated 
near the surface. 
This insight has initiated a large number of investigations into 
the growth of silicon films onto nonexpensive nonsilicon substrates. 
In this preparation method, a gaseous silicon compound is deposited 
onto the substrate by means of chemical vapour deposition (CVT>), a 
method that is particularly suited for the growth of thin layers . 
A great variety of materials that could be used as substrates has been 
fi 7ì fiì 
studied. They include stainless steel ' , quartz , metallurgical 
silicon , aluminium , and graphite ' . The main disadvantage of 
the use of a nonsilicon substrate is the fact that silicon layers grown 
on top of such a substrate have a polycrystalline structure. The grain 
boundaries in these silicon films constitute recombination centers for 
the electrons and holes that are generated by the incident sunlight, and 
due to this recombination mechanism the efficiency of the device is 
considerably reduced ' . In order to decrease the recombination 
current it is necessary that the carriers be able to travel unhampered 
over a distance of about 100 um, that is, comparable to the thickness of 
the silicon layer where virtually all of the light is absorbed. This 
means that the grain size has to be at least 100 um for a satisfactory 
solar cell operation. However, the mobile carriers should not encounter 
grain boundaries before they cross the p-η junction or the Schottky 
barrier, which implies that the grains should have a columnar 
structure . Since the polycrystalline layers that are grown onto 
solid nonsilicon substrates always exhibit an average grain size in the 
10 
range 0.1 - 20 μη, they do not meet the first of these requirements. 
It was found that the crystallinity of polycrystalline layers could 
be enhanced if an additional feature is included in the CVD process , 
namely the presence of a liquid layer on top of the solid substrate 
during the initial growth stage. The average crystallite size could Ъе 
further enhanced by the presence of an etching agent in the gas phase 
during the growth process. This method was called the CVDOLL process 
(chemical vapour deposition on liquid layers). 
The deposition of silicon by vapour deposition techniques on a 
polycrystalline substrate, the surface of which was a thin fluid film 
15) 
of some oxide, was studied in I964 at the Sylvania Laboratories . 
This process became known as rheotaxy. The growth of thin silicon-
contact pedestals on tin-lead melts was first performed by Kim in 
16) 1970 · Investigations concerning the chemical vapour deposition of 
silicon on large area liquid tin surfaces for solar cell purposes were 
started at the LETI Laboratories of the Centre d'Etudes Nucléaires de 
17) Grenoble in 1975 · These techniques of rheotaxy were said to be based 
on the principle, that, in the initial stage of the growth, the silicon 
atoms, arriving from the gas phase, obtain a maximum atomic mobility 
on the fluid surface. The silicon atoms then are able to align them-
1 fì ^ 
selves into a single crystal , thus avoiding the formation of grain 
boundaries. Consequently, the grains are larger than for comparable 
layers grown onto solid substrates. 
1.2. THE CVDOLL PROCESS 
The combination of a gas mixture, a liquid layer, and a solid 
19 20) 
substrate constitutes a complicated thermodynamic system ' , in 
which the conditions can be varied in order to find an optimum in the 
crystal growth process. 
A suitable liquid layer/substrate combination has to meet certain 
requirements. 
As to the liquid layer, the following conditions have to be 
fulfilled: 
(i) The melting point should be below 1200 C. 
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(ii) The surface tension between the liquid layer and the substrate 
has to be sufficiently low to avoid the formation of droplets. 
(iii) The vapour pressure of the liquid has to be low. 
(iv) The liquid should be chemically inactive towards silicon, and the 
substrate. 
(v) Doping of the growing silicon layer should be avoided in general; 
therefore, the liquid metal layer should be electrically inactive in the 
silicon crystal lattice. However, in some cases doping by the liquid 
metal may be useful for the creation of a back surface field. 
Concerning the substrate: 
(i) The melting point should be higher than 1300 С 
(ii) Conducting substrates are preferred, since in that case the surface 
can serve as a back contact for the photovoltaic device. 
(iii) The substrate should be chemically inactive towards silicon. 
(iv) The substrate should be electrically inactive towards silicon. 
(v) The expansion coefficient of the substrate should match the 
expansion coefficient of silicon. 
Materials obeying all conditions are hardly (if at all) to be found. 
In general, group IV elements are to be preferred both for substrates 
and for liquid layer, since they are chemically and electrically 
inactive towards silicon. A suitable combination is formed by a Sn layer 
on top of a graphite substrate. 
1.3. SCOPE OF THIS THESIS 
The purpose of the investigations, the results of which are 
12 
presented in this thesis, was to study the growth and properties of 
polycrystalline silicon layers that were deposited on nonsilicon 
substrates coated with a liquid metal layer. 
This involved an analysis of the growth mechanism in order to 
define the optimum experimental conditions for the process of chemical 
vapour deposition on top of a liquid layer. In order to describe the 
process, an analysis is given of the transport processes and the 
thermodynamic parameters that are involved in the chemical vapour 
deposition process. The influence of the gas phase composition and the 
temperature on the morphology and the grain size of the silicon layers 
is discussed both from a theoretical and an experimental point of view. 
The mechanism for the growth of individual grains is analyzed on the 
basis of morphological observations. 
Since the grain boundary sites are responsible for the characteris-
tic electrical features of polycrystalline silicon, a model for the 
electronic structure of the interfaces between adjacent grains has been 
developed. The electrical properties of polycrystalline layers are 
analyzed with relation to the parameters grain size and dopant 
concentration. 
13 
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2. CHEMICAL VAPOUH DEPOSITION ON LIQUID LAYERS 
2.1. MECHANISMS IN CHEMICAL VAPOUR DEPOSITION 
The deposition of silicon from the vapour phase onto a substrate 
has been the subject of a large number of studies, which have been 
reviewed recently . Рог the present purpose, it is sufficient to use 
some of the fundamental assumptions of CVD theory that are generally 
accepted. Chemical vapour deposition can be defined as a process wherein 
a gaseous compound is converted to a solid via a chemical reaction. The 
driving force for the deposition process is the free energy gain of the 
reaction. If the process is carried out in a reactor tube in which a 
gas stream is allowed to pass over a hot surface, then the system is 
characterized by the presence of a boundary gas layer above the heated 
2) 
substrate . Gaseous compounds that enter the system diffuse towards 
the surface. Near the surface, the reaction takes place; a solid 
reaction product, for instance silicon, is deposited on the substrate, 
and gaseous reaction products diffuse towards the bulk gas. All reacting 
compounds have to be transported through the boundary layer between the 
bulk gas and the surface. The diffusion of a reactant is governed by 
Fick's law 3' 4': 
!ife
 +
 Vi3 (1) 
RT\dy Τ 'dy/ 
J. . 
1. in 
-2 -1, Here, J. . is the flux towards the surface (mol.cm- .s - ); D. is the 
1,1η v " 1 
diffusion coefficient of the reaction species i at temperature Τ in 
(cm .s ); R is the gas constant in (atm.cm .mol- .К ); p. is the 
partial pressure of i (atm); у is the distance above the growing surface 
(cm); and a. is the thermal diffusion factor of compound i. Eq. 1 is 
valid for a total gas pressure ρ , = 1 atm, a condition which is 
fulfilled in an open tube reactor. The temperature dependence of D. is 
given according to the kinetic gas theory by 
D. = D° ( T/T ) n (1a) 
where D is the diffusion coefficient at temperature Τ = 273 К. The 
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exponent η has a value between 1.5 and 2. Рог simplicity, η = 2 will be 
used below. If the temperature gradient over the boundary layer is 
assumed to be linear, integration of Eq. 1 over the boundary layer 
leads to 
D° . Τ - Τ T % S - T*\S. 
τ 1_ _s £ a; g i s *ι 
J i , in - ^2 e \ a i _
 T
a i (2) 
0 s g 
where Τ is the surface temperature; Τ is the bulk gas temperature; S 
/ \ g s is the boundary layer thickness (cm); p. and p. are the partial 
pressures of i in the bulk and at the surface, respectively. Eq. 2 can 
be shortened to 
T D. . p? - D. . pf 
J . . = 1.1П . 1 l . o u t . * 1 
Ί . 1 Π » — ' —— 
ι , ι η 
RT ° RT ° (За) 
s s
 ч
 ' 
w i t h 
D° .
 m
 ,
m m
, l " 1 
ι , ι η 
•"i · Τ (Τ - Τ )
a
. g / „ ч 
= — s
4
 s g ' ι
 a i
 ñ
 a± (ЗЬ) 
and 
Τ Τ - Τ 
ο s 
s D, „,,+ = 4 ' Τ (Τ - ? Κ· "i,out
 τ
2 *svis "g'^i
 т
а
і _
 т
а
і 
о s g 
(3e) 
For the transport of a reaction product j from the surface to the bulk, 
analogous equations can be derived. 
The unequality of the diffusion coefficients for transport towards 
and from the surface is caused by the phenomenon of thermodiffusion, 
which hampers the diffusion of heavy particles in the direction of a 
positive temperature gradient. Thermodiffusion is particularly 
important if there is a competition of fluxes of reactants towards the 
surface and reaction products towards the bulk, as is the case in 
etching experiments . In other cases, e.g. a process where the 
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diffusion of products from the surface to the hulk is not rate-limiting, 
thermodiffusion can be ignored in order to simplify the formalism. In 
that case, Eq. 1 reduces to 
τ
 D
·
 dP· J. = - _i . *i 
RT dy (4a) 
which, upon integration over the stagnant layer gives 
Ji,in " RT 
D. p? - P3 
1 . *1 *1 
(4Ъ) 
with 
D4 =
 Di . Τ (Τ - Τ ) i — „ s 4 s g' 
τ / In (Ts/Tg) (4c) 
Apart from the diffusion steps, a chemical reaction is required in a 
СТО process. The reaction is followed by the incorporation of the solid 
reaction products in the substrate lattice. These reactions are 
assumed to take place at the hot surface. The mass transfer flux at the 
surface is given by 
τ d / s eq·. 
its RTS i i (5) 
where k, is the mass transfer coefficient (cm.s ), and p. is the 
equilibrium partial pressure of component i at temperature Τ . Under 
steady state conditions, the diffusion flux is equal to the mass 
transfer flux. In that case p. c-m he eliminated from Eq^. 4b and 5» 
yielding 
pf - P^ 
J« = /Λ IV (6) 
'"-•M 
The numerator of Eq, 6 expresses the supersaturation, i.e. the driving 
force for the reaction, and the denominator gives the resistances in the 
process sequence. The rate-determining step of the process may be either 
the diffusion through the stagnant layer or the rate of the reaction at 
the surface. The ratio of the resistances represents a dimensionless 
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quantity, called the CVD-number by Van den Brekel '. 
NCVD = Ъ~ (7) 
Using Eqa. 4b, 5» and 7, ^нт c a n Ъе rewritten as 
g s 
Pi " Pi 
CVO "" s eg (β) p. - p. r l *1 
The CVD-number characterizes the state of a CVD process as follows: 
Ν„._ > 1 : The growth process is controlled by the diffusion of 
reactants towards the surface. 
N_ < 1 : The growth process is controlled by the rate of the 
reaction at the surface. 
The CVD-number is also related to the morphology of the growing inter­
face . If N _^>1, there is a steep concentration gradient in the gas 
g s phase since pr > p . . This implies that the growth rate of surface 
irregularities is enhanced: depressions grow slowly, while hillocks 
constitute sites where spurious 
growing interface remains i lat. 
growth will start. If N < 1 , the 
At sufficiently high temperatures, the reactions at the surface 
proceed rapidly compared to the transport of particles through the 
7) boundary layer . Tinder these conditions, the surface kinetics are fast, 
and the surface concentrations of the components that are involved in 
the reaction will be approximately equal to the equilibrium values. This 
permits the use of equilibrium calculations for the description of the 
composition of the gas mixture near the surface. 
A description of the SiH./H„ system is hampered by the occurrence 
of a homogeneous reaction in the gas phase (Cf. Section 2.4·). In the 
SiHCl /H system, conditions can be created that bring about a 
reversible reaction scheme to which equilibrium calculations can be 
applied. 
1Θ 
In the SiHCl /НС1/Н„ system trichlorosilane is used as a silicon 
source, while hydrogen chloride is added in order to control the surface 
morphology. The process can be described as a sequence of the following 
diffusion steps and surface reactions. It is assumed here that the 
process is limited by gas phase diffusion. 
-Diffusion of SiHCl- towards the surface: 
SiHCl (g) - SiHCl (s) (9a) 
-The growth reaction: 
SiHCl + Hg — Si + 3HC1 (9b) 
-The etching reaction: 
2HC1 + Si - SiCl2 + H 2 ( 9 o ) 
-The diffusion of reaction products towards the bulk: 
HCl(s) -HCl(g) (9d) 
SiCl2(s) -SiCl 2(g) (9e) 
Reaction 9Ъ proceeds rapidly; the conversion is virtually complete (cf. 
Section 2.2.) in the diffusion-limited region. The equilibrium 9c is 
governed by the corresponding equilibrium constant: 
PSiCl . рн 
к 
Ρ ~
 n
 2 (10) 
PHC1 
The diffusion processes can be described using the condition of the mass 
balances. 
-The silicon mass balance: 
19 
JSi,tot,in " JSi + JSi,tot,out ' 0 r 
JSiHCl ,іл = JSi + JSiCl2,out (11) 
J_. denotes the flux of condensing silicon atoms: J„.T._. denotes Si SiHCl ,ιη 
the flux of SiHCl molecules towards the surface, etc. 
-The chlorine mass balance: 
CI,tot,in CI,tot,out ' 
S i H C 13,in = JHCl,out + 2JSiCl2,out (12) 
-The hydrogen mass balance: 
H,tot,in H,tot,out ' 
JSiHCl, in + 2JH„,in = JHCl,out (13) 
The mass fluxes can be expressed as follows: 
DSiHCl,,in pSiHCl OSiHClïtout PSiHCl, 
j = 2 — ' 2 - 2 · 2- (14) SiHClT,in HT S HT s K4J 3 в s 
D ° S 
_ _ ^ .
 р
н 2 - % 2 
J H 0 , i n RT S
 V
 " 
2 ' s 
s о 
_
 J H Ç ] . o u t . PHC1 Д НС1. іп . PHC1 /· 1 64 
HCl, out RT S ~ RT S U ; 
' s s 
DSiCl„,out PSiCl„ 
j £ · £ (17) 
SiCl ,out RT S ν · " / 
ρ°.„_
Ί
 is the SiHCl partial pressure in the incoming gas mixture, and 
3 5 g 
is assumed to be equal to the bulk pressure p„.„_, . 
Since the thermal diffusion factor of H , being the carrier gas, 
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equals zero, D„ . and IL· are equal according to Eq. 4c. 
И-, in И„, out 
If the deposition process is carried out at high temperature, the 
diffusion in the gas phase is the rate-determining step. In that case, 
equilibrium conditions are present on the surface. All arriving SiHCl, 
is converted rapidly, and the surface concentrations of the reaction 
products are equal to the equilibrium values, viz. ρ = ρ_:_
Ί
 , and 
HUI Ьі01~ 
s eq ¿ Pu = Pu · The mass balances can be expressed as follows: 
н 2 IL. 
-The chlorine mass balance: 
^
DSiHCl ,inpSiHCl ~ DSiHCl ,outpSiHCl ) 
=
 ^Cl.out PHC1 " DHCl,inpHCl + 2LSiCl2,out
pSiCl2 '
1 8
^ 
-The hydrogen balance : 
DSiHCl ,inPSiHCl " DSiHCl ,outPSiHCl + 2 D H 2 ^
P H 2 "
 vü' 
= DHCl,outpHCl ~ ^ СІ.іпРнСІ (19) 
The total pressure remains unaltered by the reaction, therefore the sum 
of the pressures of the reactants prior to the reaction equals the sum 
of pressures of the components in equilibrium, viz.: 
о HCl, in о , s eq eq eq ,„
n
<. 
P H , + T-* PHC1 + PsiHCl, = P H , + PHC1 + pSiCl 0 i
2 0) 
2 T I C l . o u t 3 2 2 
eq eq 
F u r t h e r m o r e , t h e r e l a t i o n between Ρς.,-,η and Ρττρη i s d e f i n e d by Eq. 10; 
f o r p „ «v 1 atm : 
H 2 
Р
з Ц ~ У ^ і ) 2 (2D 
eq eq eq 
With the use of Eqs. 18-21, the values for p„p, , Ρ4·η-ι » Pu f
 an<
^ 
p_.__. can be calculated for given values for ρ«.™, and p„„. . The 
DlnLl, blnUl, nUJ. 
silicon flux that is responsible for the growth rate can be calculated 
from 
21 
j _ _1 /_ о _ s 
Si HT S K SiHCl._,inpSiHCl, " SiHClItout
pSiHCl, 
s 3 3 3 3 
-
 Б
ЗіС12,оиЛіС12) <
22
> 
The relation between the silicon flux and the growth rate G (in cm.s" ) 
is given Ъу 
"si G
 = it JSi ( 2 2 *> 
ОІ 
Here, IL. is the molecular weight of silicon lin gr.mol J, an ''si is the 
density of silicon (in gr.cm ). 
The boundary layer thickness S and the temperature gradient AT = 
Τ - Τ constitute system parameters that strongly influence the results 
s g 
of the growth rate calculations. The influence of S and ΔΤ on the growth 
rate is illustrated in Fig. 2.1. The values for D. and a. that where 
1 1 
used in the calculations are given in table 2.1. Fig. 2.1 shows that, 
for a low HCl concentration, the growth rate decreases with increasing 
boundary layer thickness and increasing temperature gradient. For low 
p„_,, the growth rate is limited by the diffusion of SiHCl, towards the 
surface (see below); the diffusion is hampered by a large S and a large 
ДТ (Cf. Eqs. 3a and 3b with u > 1 ) . The addition of HCl results in a 
decrease in growth rate due to the shifting of the equilibrium of the 
etching reaction (Eq. 9c) to the right. 
The system parameters S and ΔΤ can be determined from the. 
experimental data if two limiting cases are considered: 
(i) If p° „. is small, and no HCl is added, the formation of SiCl_ SiHCl- ¿-
can be neglected, and the process can be treated as a pseudo first-order 
reaction. Since the process is governed by the diffusion of SiHCl, 
towards the surface {^CVJ) > 1. see below), Pg i H C 1 >PgiHCl * Α ο ο Ο Γ ά ί η β ^ » 
DSiHCl,,in 
T У ο (¿τ) 
JSi ~ ÍRT pSiHCl-. V y' 
3 3 
If the growth rate is known, SÍHC1,/A can be determined. 
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Fig. 2.1.Calculated growth rate as a function of the initial HCl 
partial pressure for p-.™. = 0.005 atm. 
a) Influence of the boundary layer width on the growth rate. 
b) Influence of the temperature gradient on the growth rate. 
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T A B L E 2 . 1 . 
Diffusion coefficients and thermal diffusion factors for components in 
the Si/Cl/H system (Ref. θ). 
Compound Б.(cm , s )
 a
. 
SiHCl 0 .20 1.216 
sici2 0.246 1.067 
Hci 0.596 0.753 
н„ 0.904 0.000 
(ii) If Рил,-· is increased while Ρς.ττ,-,-, is kept constant, the equi­
librium value of the SiCl pressure will be increased, and the growth 
rate will decrease. At the point where the growth rate equals zero, the 
transport of trichlorosilane towards the surface is exactly balanced by 
the diffusion of silicon dichloride towards the bulk of the gas phase. 
Thus, SiHCl is converted quantitatively to SiCl„: 
SiHCl — SiCl2 + HCl (24) 
The mass balances are now expressed by the following equations: 
The chlorine balance: 
5DSiHCl ,inpSiHCl ~ 3DSiHCl outPSiHCl 
= DHCl,outPHCl " DHCl,inPHCl + 2DSiCl2,out
PSiCl2 '
2 5
' 
The hydrogen balance: 
DSiHCl ,inPSiHCl " DSiHCl,outPSiHCl 
24 
~ DHci,outpHci - ^ С І . І І Л І С І (2 6> 
The silicon balance: 
BSiHCl ,inPSiHCl " ББІНС1 ,outPSiHCl = DSiCl ,outPSiCl ^ 2 " 
From Eqs. 25 -27 and Eq. 21 it follows that 
VsiCl2,out(
pHc/ - \
С1,0^ЖХ + DECl,in
pHCl = 0 (28) 
This equation does not contain the boundary layer width ¿. If the 
correct values for D. and a. are used, the equilibrium composition and 
the temperature gradient ЛТ can be determined. From this last figure and 
Eq. 23 the experimental value for S can be found. 
The stability of the silicon/vapour interface, and thus the 
morphology of the silicon surface, is related to the magnitude of the 
CVD-number. Notwithstanding the fact that the process is carried out in 
the diffusion-limited region (ïL,,,_;>l), the С Б-number is seemingly 
9) influenced by the gas phase composition . Due to the shifting of the 
equilibrium composition N-.—^  is decreased if the etching reaction 
becomes relatively important. For this particular case, this can be 
explained as follows. 
For high values for p_.„
n
-, in the SiHCl /H system, and in the blnO-L j ¿ 
SiHCl,/HCl/H system, the mass transfer process is not a first-order re-
action (Fig. 2.2). This means that an expression for the mass transfer 
process, in which the mass transfer coefficient k, is treated as a 
constant (cf. Eq. 5) cannot be employed. However, if the standard 
expression for the mass transport, Eq. 6, is used, a concentration-
dependent effective mass transfer coefficient, k can be defined: 
o eq 
PSiHClT " PSiHCl., 
Jsi = S h— (29) 
s
 SiHCl ,in eff 
The equilibrium pressure of SiHCl, is negligible (cf. Section 2.2). 
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Fig. 2.2. Calculated growth rate as a function of the initial 
SiHCl- pressure for different HCl pressures. 
Substitution of the right-hand term of Eq. 29 in the expression for the 
silicon flux, Eq. 22, yields: 
δ + - ! — 
DSiIICl , i n k e f f 
S.V. SiHCl 
L· 
DSiHCl , i n p S i H C l " D S i H C l , o u t P S i H C l " I ) S i C l 2 > o u t
P
 S i C l 2 
Hence : 
eff 
á
^
DSiHCl ,outPSiHCl + DSiCl2,outPSiCl2' 
DSiHCl .in^SiHCl ,inpSiHCl " DSiHCl ,outpSiHCl " ^iClg.out^iCl^ 
(30) 
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An effective CVD-number can be defined as 
eff k e f f ¿ - « 
NCVD = Β_..._ . (?1) 
SiHCl,,in 
Substitution of Eq. 30 in Eq. 31 results in 
, _
 D S i H C l 7 , i n
p S i H C l T "
 D S i H C l I t o u t
p S i H C l
v
 "
 D S i C l
o t o u t
p S i C L · 
N
e f f
 5J 3 У з_ gj 2 
CVD s eq 
SiHCl ,out P SiIICl + S i C l 2 , o u t
P S i C l 2 
(31a) 
Thus it appears, that even in the diffusion controlled high-
eff temperature regime the value of N_._ may become smaller than unity when 
the etching reaction cannot be neglected or the surface concentration 
of SiHCl, remains high. 
If p_.H„, and pHfl, are low, the pressure of SiHCl, near the 
surface will be low in the diffusion controlled regime. Also, Po-pi «* 
eff biLl2 
0. This implies that N _
v n
> 1 , and the vapour-solid interface is 
unstable, giving rise to the formation of irregularities. If ρ„..,_. 
and Ρττρη are increased, the CVD-number decreases, due to the formation 
of SiCl„, resulting in an improved flatness of the surface. Eventually, 
at the onset of etching, the numerator of the right-hand part of Eq. 
31a approaches to zero (Cf. Eq. 27), and consequently N _ = 0. In 
short, the magnitude of the CVD-number decreases wiien the chlorine 
content of the system is increased (Fig. 2.3). Thus, the addition of 
HCl to the gas mixture provides a means for the preservation of the 
flatness of the silicon surface. 
Experimentally, the CTO-number can be determined from the growth 
9) 
rate . Elimination of J„. and к „. from Eqs. 22a, 29, and 31 results in 
M_. ^iHCl-.in N ^ " 
г -
 S l
 3 СУД о /,„ч 
** " HT р„. ' S ' „eff . * pSiHCl, K0 ' 
s'Si N C T O + 1 3 
In conclusion, it can be stated that the SiHCl,/НСі/Н„ system 
offers a prospective for а СТО process that satisfies the requirement of 
a reversible mechanism, needed for the growth of smooth polycrystalline 
silicon layers. The process should be carried out at a sufficiently 
high temperature, so as to make sure that the growth is governed by the 
?7 
CVD 
10 
08 
06 
OU 
02 
nn 
1 1 Γ 
\ P|lHQ3=0 005atm 
~~ \ Ts = 1500 К — 
\ Tg = 1000K 
\ 6 = 8 mm 
\ 
\ 
1 1 \ 1 
-
-
— г 1 1 — 
pSj-pOOOatm 
TS = 1500K 
Tg= 1000K 
6 = 8mm 
1 1 1 
•i 
-
ι 
000 001 002 003 000 002 
p^QÍatm) 
004 0 06 008 010 
(atm) PSiHCla1' 
Fig. 2.3. Calculated CVD-number as a function of the initial 
HCl partial pressure (left), and as a function of the initial 
SiHCl, partial pressure (right). 
diffusion of reactants in the gas phase. In addition to this, a 
specified amount of HCl should Ъе present in order to stabilize the 
growing interface. 
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2.2. THERMODYNAMIC ANALYSIS 
At high temperatures (Τ >1200 K), the kinetics at the growing 
silicon surface proceed very rapidly, compared to the diffusion of 
compounds between the surface and the bulk of the gas. This means that 
the surface concentrations are very close to the equilibrium values. In 
that case equilibrium calculations are a meaningful tool for the 
description of С Б processes, and the results are useful for the choice 
of suitable process conditions. 
In this section, the results of equilibrium calculations are 
presented in relation to (i) the growth of silicon, (ii) the behaviour 
of liquid metal layers, and (iii) the incorporation of dopants into the 
silicon layers. 
2.2.1. THE Si/Cl/H SYSTEM 
The equilibrium composition of a Si/Cl/lI system is determined by 
the temperature, the total pressure, and the atomic fractions of the 
elements that are present. Since silicon is usually present as a 
CI 
condensed phase, the /H ratio can be used to characterize the system. 
The constitution of the equilibrium composition can be conceived as 
originating from associative reactions between the elements. If Η , Cl 
and solid Si are chosen as reference states, these reactions and their 
equilibrium constants can be listed as follows: 
Si -^ Si (gas) 
1 / 2 S i ^ S i 2 
1 / 3 S i = S i 3 
Si + 1/2C12 ~ SiCl 
Si + c i 2 = SiCl 2 
Si + 3 / 2 c i 2 ^ SiCl 3 
Si + 2C1„ = SiCl. 2 4 
K1 
K2 
K 3 
K4 
K5 
h 
K7 
= P S i 
= P s i 3 
= p
s ic i ( p ci 2 ) 
= PSici2(pci2>"1 
=
 p
sici 3(Pci 2>" 3 / 2 
4 p s i c i 4
( p
c i 2
) _ 2 
(33a) 
(ззъ) 
(33c) 
(33d) 
(33e) 
(33f) 
(33g) 
29 
Si + 1 ,2H2 ^  SiH 
Si + 2H„ = SiH. 2 4 
Si + 1/2C12 + 3/2н2 =rSiH3Cl 
Si + ci2 + н2 =isiH2ci2 
Si + 3^2C12 + 1y2H2 =SiHCl3 
i / 2ci 2^ci 
і/2сі2 + і/2н2=,исі 
1/ 2н2^н 
431Η4*Ή. (Рн ) 
r V 2 
S = p s i H 4 4 2 > 
- 2 
-1/2, v-3/2 
•1/2 
K15 = р н ( р н
г
У 
-1/2 
(33h) 
(331) 
K i o = P s i H 5 c i ( P c i 2 ) ' ^ f ' СЗЗЛ) 
K11 = p s i H 2 c i 2
( p
c i 2 ) " 1 ( p H 2 ) " 1 ( 3 3 k ) 
K i 2 = P s i H c i 3 ( P c i 2 ) " V 2 ( p H 2 ) ' l / 2 (531) 
K13 = pci^ci2î' 
K14 = WPCI2> Ч ^ 
(33m) 
(33n) 
(33o) 
The equilibrium constants for these reactions are listed in table 2.2 for 
Τ = 1500 К. 
T A B L E 2 . 2 . 
Logarithms of the equilibrium constants for the Si/Cl/H system at 1500 K. 
(The К values are expressed in units containing atm) (Refs. 10-12) 
i 
-
-
-
1 
2 
3 
4 
5 
6 
Compound 
S i ( s o l i d ) 
c i 2 
H 2 
S i ( g a s ) 
S i 2 
S i 3 
Si CI 
S i C l 2 
SiCl 
l o g l i 
0.000 
0.000 
0.000 
- 7 . 9 9 8 
-10.861 
-11 .596 
-1.24Θ 
7.732 
11.402 
i 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Compound 
S i C l , 4 
SiH 
SiH. 4 
SiH CI 
s i H 2 c i 2 
SiHCl 
CI 
HCl 
H 
l o g l í 
16.271 
- 7 . 4 6 3 
- 5 . 9 2 4 
0 .360 
6.052 
11.419 
- 1 . 2 3 6 
3.615 
- 4 . 7 5 6 
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Fig. 2.4. Computed partial pressures of the compounds in the 
Si/Cl/H system as a function of the initial HCl partial pressure at 
I5OO K. Silicon is present as a condensed phase. 
Fig. 2.4 gives the results of the calculations of the equilibrium 
composition at I5OO К as a function of the chlorine content (for 
convenience, HCl has been chosen as a chlorine source). It shows that 
for Рц
П
, > 1 0 atm, Si CI is the most important silicon-containing 
HCl 2 
compound in the gas phase. Hence it can be concluded that the etching 
of silicon proceeds essentially by means of the formation of SiCl : 
31 
Si + 2HC1 ^ SiCl + H with К = 10°'5°2 (34) 
If no HCl is present, all gaseous silicon compounds that enter the system 
are converted to solid Si. This justifies the assumptions that where made 
in Section 2.1 concerning the growth and etching phenomena in the SiHCl,/ 
HCl/H2 system at I5OO K. 
2.2.2. THE LIQUID METAL LAYER 
Knowledge of the thermodynamic properties of the melt that constitutes 
the liquid layer in the CVDOLL process is important for two reasons: 
(i) During the growth process, the liquid layer is subject to evaporation 
and etching by HCl. The etch rate of the liquid metal, which is a critical 
factor in the CVDOLL process, may be calculated with the aid of a proper 
knowledge of the thermodynamic data. 
(ii) Not only the silicon layer, but also the liquid metal layer may be 
deposited by means of CVD, if the thermodynamic properties of gaseous 
compounds that can serve as a metal source are known. The liquid metal 
layer is deposited prior to the nucleation and growth of silicon. 
The requirements that have to be fulfilled concerning the choice of 
a material that can be used as a liquid layer have been mentioned in 
Section 1.2. Tin (m.p. 232 C) and lead (m.p. 328 C) are the only suitable 
substances that do not influence the electrical properties of silicon. Of 
these, tin is to be preferred, as it has a lower vapour pressure than lead 
at the growth temperature (at I5OOK, p„ = 10 atm, and p_, = 0.02 atm '). 
Among the elements that can serve as a dopant source while being used as 
liquid layers (and thus can be used for the formation of a back surface 
field), aluminium (a p-type diffusion source) is the most suitable 
candidate (m.p. 660 C; vapour pressure at I5OO Κ: ρ . = 2 χ 10 atm). 
2.2.2.1. THE Sn/Cl/H SYSTEM 
The equilibrium calculations of the Sn/Cl/H system proceed along a 
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Pig. 2.5. Computed partial pressures of the compounds in the 
Sn/Cl/H system as a function of temper?ture for p„ , = 0.01 atm. 
HCl 
Tin is present as a condensed phase over the complete temperature 
range. SnCl? is present as a condensed phase for T < 6OO K. The 
dotted line represents the saturation pressure for SnCl_. 
pattern analogous to the one that was outlined for the Si/Cl/H system in 
Section 2.2.1. Fig. 2.5 gives the temperature dependence of a system 
containing 1 % HCl, while Sn is present as a condensed phase over the 
complete temperature range. Below 925 K, SnCl is present as a second 
liquid phase if the saturation pressure is reached. At growth 
temperatures (1200 I6OO К), SnCl„ and Sn are the most important 
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ρ (atm) 
ю
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Fig. 2.6. Computed partial pressures of the compounds in the 
Sn/Cl/H system as a function of the initial HCl partial pressure 
at 15ΟΟ K. Tin is present as a condensed phase. 
tin-containing gaseous compounds. Fig. 2.6 gives the influence of the 
chlorine fraction in the gas mixture on the equilibrium composition at 
15ΟΟ K. The equilibrium constants for the tin-containing compounds in the 
Sn/Cl/H system at 1500 К are given in Table 2.3. Cl 2, H 2, and liquid Sn 
are taken as reference states. 
From Fig. 2.6 it appears that for low P,,
cl the etching of tin is 
HCl 
enhanced by the reaction 
mainly due to evaporation, whereas for Р
яг
,-] > 1 0 atm the etch rate is 
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T A B L E 2 . 3 . 
Logarithms of the equilibrium constants for Sn-compounds in the Sn/Cl/H 
system at I5OO К (Ref. 13). 
i Compound log К? i Compound log К? 
Sn(liquid) 0.000 3 SnCl Θ.992 
1 Sn(gas) -4.991 4 SnH -12.239 
2 SnCl2 6.685 
T A B L E 2 . 3 a . 
Vapour pressures of volatile Si- and Sn-compounds for various temperatures 
(°C) (Ref. 14Ъ). 
Vapour pressure (Torr) 
Compound 
1 10 40 100 400 760 
-112.0 -111.5 
+14.5 31.8 
92.I ІІЗ.О 
Sn + 2HC1 = SnCl2 + H 2 with К = Ю
- 0
*
5 4 5
 (35a) 
If a tin layer is to be formed by means of CVD, a volatile tin compound, 
such as SnCl., can be used as a tin source. The efficiency of the 
deposition process may be expected to be less than the efficiency of the 
CVD of Si from SiHCl,, since, on the one hand, SnCl. is less volatile 
(Table 2.3a), and in addition to this, the vapour pressure of Sn is larger 
than the vapour pressure of Si at growth temperatures (Cf. Tables 2.2 and 
2.3). Gaseous stannic chloride can be reduced to liquid tin at I5OO К by 
way of the reaction 
SiH, 
4 
SiHCl-
SnCl. 
-179.3 
-80.7 
-22.7 
-І63.О 
-53.4 
+10.0 
-150.3 
-32.9 
35.2 
-140.5 
-16.4 
54.7 
35 
ТСС) 
1400 
2 4 6 
atomic % Si 
г ЯЗО 
010 005 000 
atomic % Sn 
Fig. 2.7. Phase diagram of the Sn/Si "binary system (according to 
Elliott15^). 
SnCl + 2H2 =:Sn + 4HC1 with К = IO
5
'
4 6 8
 atm. 
Ρ 
(35b) 
After the deposition of tin, the deposition of silicon is started. If 
chlorine is present in the gas phase, the etching of tin and silicon is 
a competitive process, represented Ъу 
SnCl + Si -^  SiCl + Sn with К 10 1.047 (35c) 
The solubility of silicon in liquid tin can be inferred from the 
phase diagram (Fig. 2.7). It appears that only a small amount of Si 
(-2.5 a/o) dissolves into tin at 1500 K. The maximum solubility of tin 
in solid silicon is about 0.1 /o. 
In order to grow silicon from a supersaturated solution of silicon 
in tin, it is necessary to maintain a continuous silicon CVD process 
until the surface is almost completely covered with silicon. Only at 
this point may the tin be removed by an etching agent such as HCl. 
2.2.2.2. THE Al/Cl/H SYSTEM 
The temperature dependence of the Al/Cl/H system shows that the 
chlorides AlCl and AlCl constitute very stable compounds (See Fig. 2.Θ; 
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Fig. 2.8. Computed partial pressures of compounds in the Al/Cl/H 
system as a function of temperature for pHr,·, = 0.01 atm. Aluminium 
is present as a condensed phase. 
Al is a condensed phase, the gas phase contains 1 % chlorine). The system 
at 1500 К as a function of PHr,-i indicates that in the presence of 
chlorine in the gas phase liquid aluminium is readily converted to AlCl 
(Fig. 2.9) according to the reaction 
Al + HCl = AlCl + 1 ,„H„ with К = 10 2* 1 2 1 atrn^  /2 2 ρ (36) 
The equilibrium constants for the Al-compounds in the Al/Cl/H system are 
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Pig. 2.9. Computed partial pressures of the compounds in the Al/Cl/H 
system as a function of the initial HCl partial pressure at I5OO K. 
Aluminium is present as a condensed phase. 
listed in Table 2.4 for Τ = 1500 К. Cl , Η„, and liquid Al are taken as 
reference states. These data show that if aluminium is used as a liquid 
layer, care must be taken that the metal is not etched away too rapidly. 
The formation of a liquid aluminium layer by way of CVD is not 
feasible if a chlorine-containing gaseous Al-compound is used as an 
aluminium source. Organic Al compounds, such as trimethylalummium and 
triethylalumimum may be suitable substitutes . 
In contrast to liquid tin, aluminium is a good solvent for silicon 
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T A B L E 
Logarithms of the equilibrium constants for Al-compounds in the Al/Cl/H 
system at 1500 К (Ref. 10). 
i 
-
1 
2 
3 
Compound 
A l ( l i q u i d ) 
A l ( g a s ) 
A1C1 
A1C12 
l o g K ^ 
0.000 
-4.769 
5.736 
11.375 
i 
4 
5 
6 
Compound 
A1C1, 
A1 2 C1 6 
A1H 
l o g RP 
17.406 
Л .893 
- 9 . 6 0 6 
at I5OO К (Fig. 2.10). The Al/Si phase diagram can Ъе used for outlining 
a process sequence for the growth of silicon layers if aluminium is used 
as a liquid layer. In the beginning of the process, a SiH./H„ flow is 
allowed to pass over a liquid aluminium surface. Silicon, formed by the 
pyrolysis of silane, dissolves in the molten aluminium (the dotted line 
a-b in Fig. 2.10), until the solution is on the point of saturation 
(point b in Fig. 2.10; the saturated solution contains 68 /o Si and 
39 
32 /о Al). Then HCl is added to the gas phase in order to remove the 
liquid aluminium. During this etching process, the silicon crystallizes, 
and eventually forms a continuous silicon layer on the graphite substrate. 
This method is less attractive if a liquid tin layer is used instead 
of aluminium, since the low silicon content of the liquid tin requires 
the removal of large quantities of tin. In addition, the etch rates for 
tin and silicon are virtually equal (Eq. 35b). 
2.2.3. THE INCORPORATION OF DOPANTS 
The electrical conductivity of silicon layers is determined by the 
nature and the concentration of impurities (dopants) in the silicon 
matrix. The introduction of dopants in silicon during the chemical vapour 
deposition process can be achieved by the addition of dopant gases to the 
gas mixture. Phosphine (PH,) can be used as a phosphorus source for 
η-type doping, and diborane (BpH,) can be used as a boron source for 
p-type doping. Due to the decomposition of these dopant compounds at the 
growth temperature of silicon, dopant atoms are formed that can be 
incorporated in the crystal lattice. The incorporation process proceeds 
in a kinetic way for a high silicon growth rate, and under thermodynamic 
equilibrium conditions if the growth rate is low (G„. ^ 1 um/min for the 
18Ì incorporation of phosphorus '). In the latter case, equilibrium 
calculations may be used for a description of the incorporation 
mechanism. 
2.2.3.1. THE P/Si/Cl/H SYSTEM 
The equilibrium composition of the P/Si/H system as a function of 
the total phosphorus content of the gas mixture is shown in Fig. 2.11a 
for Τ = 1500 К. The equilibrium constants for the formation reactions of 
P-compounds are given in Table 2.5, where diatomic phosphorus gas is 
taken as the reference state. 
If p_„ is the partial pressure of phosphine in the gas that enters 
3 the system, two regimes for the incorporation of phosphorus can be 
discerned: 
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p. (atm) P! (atm) 
b. 
Pig. 2.11. Computed partial pressures of the compounds in 
ρ 
phosphorus-containing systems as a function of the /H 9 atomic 
ratio at 15ΟΟ K. Silicon is present as a condensed phase. 
a). The P/Si/H system. 
Ъ). The P/Si/Cl/H system with p° , = 0.01 atm. 
(i) Рог p° < 1 0 atm, the reaction products PH_ and PH, constitute 
the most important phosphorus compounds in the gas phase; thus 
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T A B L E 2 . 5 . 
Logarithms of the equilibrium constants for P-compounds in the P/Cl/H 
system at I5OO К (Ref. 10). 
i 
-
1 
2 
3 
4 
Compound 
P2 
Ρ 
P4 
PCI 
PCI, 
logK P 
0.000 
-5.54e 
0.073 
-1.046 
5.942 
i 
5 
6 
7 
θ 
Compound 
PCI. 
PH 
рн2 
РН3 
logK p 
-O.O51 
-4.645 
-2.979 
-З.154 
о en eq 
Р
РН, -
 Р
РН„
 + Р
РН, 
(37) 
(The differences in the diffusion coefficients have been neglected). The 
dissociation of PH, is described by 
K„ PH 5 =r. PH 2 + 1/2H2 with K p =
 Λ7/Κ
θ 
The formation of monoatomic phosphorus is described by 
(38) 
PH3 = Ρ + 3/2Η2 with к р =
 κ
ι/κ
θ 
(39) 
Prom E q s . 37,38, and 39 i t f o l l o w s t h a t 
К 
1 eq 
PP - K7 + Kg 
P ° = 1.617 χ 1 0 -
3
 p ° 
5 3 
(40) 
The relation between phosphorus atoms in the silicon lattice and 
monoatomic phosphorus in the gas phase is expressed by 
He) = P ( S i ) with k [pfsni 
s e g r 
(41) 
19 20) 
where k is the segregation coefficient . From Eqs. 40 and 4I it 
segr 
follows that the incorporated concentration of neutral phosphorus atoms 
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is a linear function of the phosphine partial pressure p_„ . The curve of 
loff[P(Si)l vs. log p-,, is a straight line with slope = 1 .Phosphorus in 
silicon dissociates into Ρ and a free electron ( Ρ з= Ρ + e). At the 
high temperature used in СТО, the free electron concentration is very 
large (p. s n. = 102°cm~5 at 15OO K), therefore [p+] (:) [p] (:) p° . 
X 1 ^-z 
(ii) For ρ-« > 10 atm, diatomic phosphorus is the main phosphorus-
3 containing component in the gas phase; thus 
The formation of monoatomic phosphorus is described by the reaction 
1 / 2 P 2 - P with K p = K1 (43) 
It follows that 
P;
q
 = і&*Ут >έ = 2 · 0 0 x 1 0" б( ррн >* (44) 
D-6 
a straight line with slope =0.5. 
Thus, for ρ-« > 1 0 ~ atm, the plot of log [P(Si)] vs. log p_„ yields 
The addition of chlorine-containing compounds to the reaction gas 
eo 
mixture does not significantly influence the behaviour of ρ as a 
function of Pp„ , as is illustrated in Pig. 2.11b for V-am = 0.02 atm. 
In this case, Eqs. 40 and 44 are still valid in their respective regimes. 
2.2.5.2. THE B/Si/Cl/H SYSTEM 
The equilibrium composition of the B/Si/H system as a function of 
the total boron content of the gas mixture is shown in Pig. 2.12a for 
Τ = 1500 К. The equilibrium constants for the formation reactions are 
given in Table 2.6, where monoatomic boron gas is taken as a reference 
state. 
Over the doping range considered, BH„ and BH, are the most important 
boron-containing compounds. The mass balance for boron can be given as 
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p-(atm) Pj(atrn) 
'
H2 b 
Fig. 2.12. Computed partial pressures of the compounds in boron-
containing systems as a function of the В/Н„ atomic ratio at 
1500 K. Silicon is present as a condensed phase. 
a). The B/Si/H system, 
b). The B/Si/Cl/H system with p° = 0.01 atm. 
2 P B H 
B2 H6 
eq eq 
PBH ?
 + р
вн 2 
(45) 
The dissociation of Б X and the equilibrium of BH, and BH„ is described 
by 
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T A B L E 2.6. 
Logarithms of the equilibrium constants for B-compounds in the B/Cl/H 
system at I5OO К (Ref. 10). 
i 
-
1 
2 
3 
4 
5 
Compound 
В 
B2 
BCl 
всі2 
BCl, 
В 2 С 1 4 
logRP 
0.000 
4.468 
11.346 
16.534 
22.952 
35.064 
i 
6 
7 
θ 
9 
10 
Compound 
внсі2 
BH 
BHg 
BH, 
B 2 H 6 
l o g l i 
18.539 
1.272 
6.563 
6.359 
11.495 
в2н6 =вн 2 + вн3 + 1/2н2 (46a) 
BH3 == BH2 + 1/2H2 with Kp =
 K8/K9 (46b) 
The formation of monoatomic boron is described by 
вн3 = В + з/2н2 with Кр = 1Д 9 (47) 
The partial pressure of monoatomic boron can be deduced from Eqs. 45» 46, 
and 47: 
PB' = K ^ \ = 3.37 χ 10-7
 Ρ
°
Λ
 (48) 
The segregation of boron is defined by 
B(s)«B(Si) withk
 =ilísüi (49) 
4
 '
 ч
 ' segr р
в
 ^" 
The plot of log[B(Si)l vs. log p_ „ yields a straight line with slope 
= 1. 2 6 
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The addition of chlorine to the equilibrium system results in the 
formation of boron-containing chlorides (Fig. 2.12b). The mass balance 
for boron can be approximated by 
2 pB,H, = PBHC1, + PBC1, + р в 1 + р в 1 (50) 
2 b 2 5 2 J 
If the appropriate equilibrium constants are used, an expression for the 
monoatomic boron pressure can be found: 
2 p
v% 
^ " , о
 t2 Т —Ъ <
5 1 a > 
ч te) * *4 te) •·.•·, H C l ' ч х H C l 
Неге, Κτ,ρ-i denotes the equilibrium constant for the formation of HCl (= 
K„. in Table 2.2). For p° = 0.02 atm, Eq. 51a yields 14 nul 
P ^ ~ 1 . 8 4 x 1 0 -
8 p ° H (51b) 
Again, the plot of log[B(Si)] vs. log p_ „ gives a straight line with 
2 6 
slope = 1 , but the efficiency of the doping process is much lower than 
in the absence of chlorine. 
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2.5. THE GROWTH PROCESS - DESCRIPTION 
The preparation of large-grain polycrystalline silicon layers was 
carried out in a conventional epitaxial reactor system. The CVDOLL 
process (Chemical vapour deposition on liquid layers) consisted of a 
sequence of process steps which can be summarized as follows: 
(i) Preparation of a liquid metal layer on top of a nonsilicon solid 
substrate, either in a separate step involving sublimation in a vacuum 
chamber, or by CVD in situ. 
(ii) Growth of a silicon layer by means of chemical vapour deposition in 
the presence of the liquid layer. 
(iii) Removal of the liquid layer. This was either done during the 
deposition of silicon (in the case of a liquid tin layer) or after the 
silicon deposition process (accompanied by the growth of silicon from the 
solution, in the case of a liquid aluminium layer). 
(iv) Doping of the silicon layer. Diborane or phosphine was used as 
dopant gas; the dopant incorporation was performed during the silicon 
deposition process. 
In this section a description will be presented of the experimental 
techniques involved in each of these steps. The results of investigations 
into the possibility of the preparation of liquid metal layers by means 
of chemical vapour deposition will bo discussed in some detail. Also, the 
results of the doping experiments will be given. 
2.3.1. EXPERIMENTAL 
The epitaxial reactor system consisted of a horizontal cylindrical 
2 
silica tube, having an internal cross section of 12 cm , and provided 
with a water-cooling mantle (Pig. 2.13a). The substrates were located on 
a pyrographite-coated carbon susceptor, heated by means of an external 
radio frequency coil. The temperature of the silicon layers wis measured 
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Fig. 2.13. Schematic diagram of a CVD system. 
a). Reactor Cell. b). Gas flow system. 
by means of a calibrated optical pyrometer, and corrected for the 
emissivity of silicon and the absorption of the cooling mantle. 
The gas flow system is schematically outlined in Fig. 2.13b. The 
total gas flow amounted to 30 l/min. The pressure in the reactor cell was 
approximately 1 atm. The gas flow rates were measured by means of mass 
flow controllers. The gas flow was regulated by means of air pressure 
valves. Hydrogen was used as a carrier gas after purification; oxygen was 
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removed by means of a Cu„0 catalyst; the gas was dried by a molecular 
sieve. The oxygen concentration (^1ppm) and the moisture content ( 2 - 3 
ppm) of the carrier gas were randomly tested. Silane (purchased as 4 % 
SiH. in H„) or trichlorosilane (SihCl,) were used as silicon sources. 
Trichlorosilane was evaporated by means of a hydrogen flow with the use 
of a condensor system that was maintained at -10 С (at this temperature, 
the saturated SiHCl, pressure ρ „_, = 0.17 atm). Electronic grade 3 ЬіпОІ^ 
hydrogen chloride was used as an etching agent. Doping of the layers 
was carried out using diborane (purchased as 100 ppm B„H,- m H„) or 
phosphme (purchased as 100 ppm PH, in H„) as dopant gases. The dopant 
gases could be diluted in order to cover a concentration range of six 
orders of magnitude (10 - 10 atm). 
The substrates were graphite plates, coated with pyrolytic graphite 
and having the dimensions 2.0 χ 2.5 x 0.1 cm . The thickness of the 
deposited silicon layers was measured by means of the bevel-and-stam 
21 ) 22) 
method ' or by the stacking faults method ' for epitaxial layers. 
Observations of the growth process were made during growth by way of a 
binocular microscope placed over a reactor tube provided with a sapphire 
window. After the growth process, the morphology was stuaied by means of 
optical microscopy and scanning electron microscopy (SEM). Grain 
boundaries and stacking faults were revealed by polisimg and preferential 
23) 
chemical etching during 1 5 - 4 5 sec. Gram boundaries were attacked 
more easily than stacking faults. 
The impurity concentration in silicon layers was measured by means 
of the capacitance - voltage technique (See Section 3-3.1). The 
resistivity was determined by the 4-pomt probe method. Additionally, 
Hall measurements were carried out in order to determine the carrier 
concentration and mobility (See Chapter 3). 
2.3.2. THE FORMATION OF A LIQUID LAYER 
The presence of a liquid metal layer topping a solid substrate duri ig 
the initial stage of the deposition of silicon was found to be an 
essential requirement for the growth of large-gram polycrystallme 
silicon layers (See the discussion in Sections 2.4 and 2.5). For tms 
reason the graphite plates were coated with a 10 цт thick tin layer, prior 
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to the deposition of silicon. Several methods for the deposition of tin 
on graphite were studied. 
(i) Electrolytical deposition of tin from an aqueous solution of 
potassium stannate, while graphite was used as a cathode. This method was 
not satisfactory, since the deposited tin layers were porous, and showed 
a high impurity content. 
(ii) In vacuo deposition of tin or aluminium onto graphite plates. 
(iii) Chemical vapour deposition of tin onto graphite, while SnCl. was 
used as a gaseous tin source (See below). 
The methods (ii) and (iii) gave satisfactory results. Two problems were 
encountered in the application of the tin-coated graphite plates as 
substrates in the СТО process: 
(i) Upon melting, the tin formed droplets, due to the high interface 
tension between liquid tin and graphite. Above 1100 С the wetting 
properties of liquid tin could be improved by the addition of SiHCl to 
the gas phase; the dissolving of silicon into tin reduced the Sn/C 
contact angle, and caused the coalescence of the droplets . 
(ii) In agreement with the thermodynamic considerations (Section 2.2.2.1) 
it was found that the tin layer was etched away hy HCl (Fig. 2.14a). A 
series of experiments was carried out in which bulk quantities of tin 
were etched in an epitaxial system. The experimental relationship between 
the logarithm of the etch rate (log H , , ) and log p.,-, gave a slope 
=1.1. This suggests that the etching of Sn is determined by the 
diffusion flux of HCl towards the surface: 
JCl,in = S · РцСІ ( 5 2 ) 
The etching process is described by 
2HC1 + Sn Π SnCl + Η (53) 
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Fig. 2.14. Etching of tin by hydrogen chloride. 
a). Experimental etch rate as a function of the HCl partial pressure. 
b). Experimental etch rate as a function of temporature. 
^
3
'
 JSn,out = *JCl,ouf ^ t h e r · JCl,in = JCl,óut' 
for the etch rate of tin: 
Hence it follows 
_ HCl 
Sn,out ~ 2S ''HCl 
(54) 
Thus, there is a linear relationship between Retch and PJJCI" 
It was observed that the etch rate increases slightly with increasing 
temperature (Fig. 2.14b), giving an activation energy E a c t =0.23 eV. This 
too is in agreement with the assumption that the etch rate is limited by 
the gas phase diffusion of the reactants. 
The etching of tin could be suppressed by the addition of Sr.Cl^  to 
the gas phase. 
The chemical vapour deposition of tin was studied in order to bring 
about a process wherein the growth of tin and silicon could be controlled 
by adjustment of the gas phase composition. The experimental method can 
5«raí' ю"3 
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Fig. 2.15. Chemical vapour deposition of tin by means of the 
reduction of stannic chloride. 
a). Experimental growth rate as a function of the SnCl partial 
pressure. 
b). Experimental growth rate as a function of temperature. 
be summarized as follows: 
Liquid SnCl was evaporated by means of a hydrogen flow through a 
vessel kept at 10 °C. Subsequently, the resulting gas mixture ( 0.02 -
О.ЗЗ % SnCl in Η ) was introduced in the epitaxial system, whereupon the 
gaseous SnCl. was reduced to Sn by H 2 at high temperatures. Graphite 
plates were used as substrates. The total gas flow was 10 l/min. The 
growth rate was determined by weighing the substrate before and after the 
СТО process. The growth rate of tin was linear with the initial SnCl^ 
partial pressure (Fig. 2.15a), and the activation energy for the process 
was 0.5 eV (Fig. 2.15b); this low value is in agreement with the 
assumption that the growth rate is limited by the diffusion flux of SnCl^ 
towards the hot surface. Fig. 2.16 shows a series of micrographs that was 
made during the tin deposition process. It shows that the coalescence of 
the droplets could be induced by the introduction of a small amount of 
silicon. Eventually, a continuous liquid layer was formed. 
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1. U V 2. U20' 
5. t =100' 6. t = 105' 
Fig. 2. 16. Formation of a liquid tin layer. Addition of 0.03 % 
SnCl in H started at t = 0. Pulses of 0.75 % SiHCl (each one 
during 15 ") were injected at t = 10 ' and at t = 80 '. Light 
regions: graphite; dark regions: tin. 
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When SnCl, was used, the deposition rate of Sn was relatively small, 
and depletion of the gas mixture occurred along the susceptor, especially 
at high temperatures, causing variations in the layer thickness of Sn 
depending upon the position of the substrate on the susceptor. An 
enhancement of the growth rate of tin can probably be attained if organo-
25) 
metallic Sn compounds such as Sn(C„H_) are used as a tin source , as 
these compounds are more volatile than SnCl.. The depletion of the gas 
phase can be counteracted by the addition of HCl to the gas mixture. 
Both features require further detailed studies. 
Chemical vapour deposition of aluminium for the preparation of a 
liquid metal layer has as yet not been studied. 
2.5.3. DEPOSITION OF SILICON 
The deposition of silicon on graphite in the presence of a liquid 
metal layer was carried out by the pyrolysis of silane or the reduction 
of trichlorosilane in the presence of hydrogen as a carrier gas. In both 
cases hydrogen chloride was added to the gas mixture in order to control 
the growth rate and the surface morphology of the resulting layer (0.002 
^PC-TJ ^ 0.006 atm; 0.002^ p„.„„ ^ 0.010 atm; 0.00$р
и г
,
п
^ 0.03 atm; 
^ blü. blxlLJ.-, И01 
total pressure = 1 atm). The growth process was studied in the 
temperature range 1300^ Τ ^ 1Ó00 K. The experimental conditions were 
typically P s i H C 1 = 0.075 atm; p H C 1 = 0.01 atm; Tg = 1500 K. 
The sequence of steps for the chemical vapour deposition of silicon 
on liquid tin is outlined schematically in Pig. 2.17· During the 
deposition of liquid tin, the surface tension of tin was reduced by the 
injection of SiHCl, pulses. After completion of the liquid layer, a 
silicon layer was grown by the continuous addition of SiHCl,. 
Simultaneously, the liquid metal was etched away by HCl. When all tin had 
evaporated, the silicon growth was continued, until the required layer 
thickness had been attained. 
The process steps for the growth of silicon on liquid aluminium are 
shown in Pig. 2.18. Aluminium was evaporated in vacuo onto the graphite 
substrate prior to the silicon deposition process. SiH was used as a 
silicon source in order to avoid the removal of aluminium, which would 
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Fig. 2.17. Process steps for 
the deposition of silicon on 
liquid tin. 
Fig. 2.1 . Process steps for 
the deposition of silicon from 
a Si/Al binary melt. 
occur by way of the formation of gaseous A1C1 if chlorine were present. 
The silicon dissolved into the Al melt, eventually forming a 70 % Si / 
JO % Al liquid mixture at I5OO K. When silicon started to crystallize, the 
SiH. flow was terminated, and a HCl flow was started. In this way, silicon 
was grown isothermally from the solution, until all Al had been etched 
away. 
Both methods gave satisfactory results. However, for the analysis of 
the electrical properties of grain boundaries (Cf. Ch. 3) only the silicon 
layers deposited onto Sn/C substrates could be used, since aluminium 
affects the electrical behaviour of silicon (aluminium is an acceptor, 
and causes low-resistivity p-type layers), whereas tin impurities are 
electrically inactive in the silicon crystal lattice. 
2.5.4. DOPANT INCORPORATION 
Polyorystalline silicon layers were doped during the growth process 
in order to study the electrical properties of the grain boundaries (Cf. 
Ch. 3). The incorporation of phosphorus and boron in polycrystalline 
silicon was achieved by the deposition of silicon on Si,N -coated 
silicon slices in the presence of phosphine or diborane in the gas phase. 
In addition to this, the gas mixture contained 0.75 % SiHCl, and 1.0 % 
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Fig. 2.19· Experimentally determined phosphorus concentration in 
polycrystallme and monocrystalline silicon layers as a function of 
the PH, partial pressure. The dopant was incorporated during the 
growth process at I5OO K. 
HCl; the surface temperature was 15OO К during all experiments. The 
dopant concentration in the silicon layer could be controlled by 
adjustment of the partial pressure of the gaseous dopant source. 
Fig. 2.19 gives the concentration of phosphorus ions at room 
temperature (determined by means of the C-V method, which is not 
influenced by the presence of grain boundaries), as a function of the 
phosphine partial pressure. Since at room temperature ionization is 
complete, the concentration of ionized phosphorus atoms at room 
temperature is approximately equal to the concentration of incorporated 
phosphorus atoms at the growth temperature. The relationship between 
log[P ] and log ρ is expressed by a curve with a slope = 1 in the low 
phosphine pressure range, and a slope = 0.5 for high p_„ . This is in 
3 
agreement with the predictions for the situation where tne incorporation 
mechanism is governed by the segregation coefficient and thermodynamic 
equilibrium conditions (Cf. Section 2.2.3.1). The experimental results 
are quantitatively in agreement with the values reported for the 
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Fig. 2.20. Experimentally determined boron concentration in 
polycrystalline and monocrystalline silicon layers as a function of 
the B.Ib partial pressure. The dopant was incorporated during the 2 о 
growth process at 1500 K. 
incorporation of phosphorus in epitaxial silicon at 1500 К in the SiH./H„ 
system ' . This indicates that (i) the incorporation mechanism of 
phosphorus is similar for polycrystalline and monocrystalline silicon 
layers, and that (ii) the phosphorus doping process is unaffected by the 
presence of chlorine in the gas phase. This last point is consistent with 
the thermodynamic considerations in Section 2.2.3.1. 
The concentration of boron in polycrystalline and monocrystalline 
silicon layers as a function of the diborane pressure is shown in Fig. 
2.20. The linear relationship is in agreement with the assumption friat 
equilibrium conditions are present at the growing silicon surface (Cf. 
Section 2.2.3.2). The incorporation of boron in polycrystalline and 
monocrystalline silicon, respectively, can be described by the same 
mathematical expression, as is suggested by the experimental data. This 
indicates that, as in the observations of the phosphine system, the 
segregation coefficient is equal for the incorporation of boron atoms in 
polycrystalline and monocrystalline silicon, respectively. However, the 
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quantitative results are much lower than the reported data for the 
on \ 
incorporation of boron in the SiH,/H„ system . This can be explained 
by the effect of the presence of chlorine on the equilibrium pressure of 
monoatomic boron in the gas phase '(See Section 2.2.3.2). 
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2.4. THE GROWTH PROCESS - RESULTS 
2.4.1. IHTROPUCTION 
The characteristic features of the process of the growth of silicon 
onto tin-coated graphite can be summarized as follows: 
(i) The liquid layer is responsible for: 
- A low density of silicon nuclei in the beginning of the growth process. 
In the case that, due to the formation of droplets, the substrate 
surface is not completely covered with the liquid metal, the edges of the 
droplets will serve as preferential nucleation sites (or, nuclei formed in 
or on top of the liquid may drift to the edges). 
- Growth from the solution. The solubility of silicon in tin at I5OO К is 
about 2 /o (Cf. Pig. 2.7). The supersaturation in the gas phase causes a 
supersaturated solution of Si in Sn; a large flow of silicon atoms from 
the solution to the nuclei may be expected, leading to the growth of large 
needles and plates. The phenomenon of silicon growth from solution is 
analyzed in Section 2.5. 
(ii) Hydrogen chloride is added to the gas phase in order to: 
- decrease the density of critical silicon nuclei. 
- counteract the formation of crystallographic imperfections. Defects 
constitute thermodynamically unstable sites, which are not easily formed 
in the presence of an etching agent. 
- stabilize the silicon surface if the growth process is carried out in 
the gas phase diffusion limited regime (Cf. Section 2.1 ). The formation 
of surface irregularities can be counteracted effectively in this way. 
The experimental sequence in this process consists essentially of the 
formation of a liquid layer and the subsequent silicon growth process (Cf. 
Section 2.3). 
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Pig. 2.21. Silicon grown on uncoated graphite in the absence of HCl. 
Growth rate 0.6 /um/min with 0.4 % SiH. at 1130 C. Layer thickness 
20 /im. a). Survey, b). Detail. 
2.4.2. MORPHOLOGY OF AS-GROWN SILICON LAYERS 
The effect of the use of a tin layer was studied for graphite sub­
strates. The presence of hydrogen chloride appeared to have a considerable 
influence on the growth process. 
2.4.2.1. UNCOATED SUBSTRATES - INFLUENCE OF HCl 
Silicon was deposited onto polished graphite plates at several silane 
-2 -2 
partial pressures, ranging from 0.13 x 10 to 0.4 x 10 atm. The growth 
rate amounted to 0.3 - 0.8 /ш/min. The deposited silicon layers were 
polycrystalline (Fig. 2.21 ). The grain size showed little dependence on 
the growth rate in this range, and varied somewhat with the growth 
temperature. At 1150 С substrate temperature, the estimated grain size was 
about 3 /'m on the average, rising to about 5 /"m at 1250 C. 
The introduction of hydrogen chloride in the gas mixture during the 
growth enlarged the grains. The grain size depended upon both the HCl 
partial pressure and the v„.„ /v„„-, ratio. In the temperature range 
Ый- НЫ 
4 
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Pig. 2.22. Silicon grown on uncoated graphite in the presence of HCl. 
Growth rate 1.3 /um/min with O.4 % SiH a 
thickness 40 ^ m. a). Survey, b). Detail. 
μπι nd 1 % HCl at 1140°C. Layer 
1100°C - 1300°C, silicon was deposited from 1:3 SiH :HC1 in Η mixtures. 
Maximum crystallite sizes varied from 10 to 25 /um (Fig. 2.22). The 
crystallinaty was slightly enhanced by increasing the layer thickness. 
When the silane concentration was kept constant and hydrogen chloride was 
added, the growth rate increased within certain limits because of the 
elimination of gas phase nucleation of silicon (Cf. Section 2.4.3). 
2.4.2.2. TIN-COATED SUBSTRATES - INFLUENCE OF HCl 
The silicon layers that were deposited on top of a liquid-tin coated 
graphite substrate exhibited considerably enlarged grain sizes compared 
to the layers that were grown onto uncoated graphite plates (Fig. 2.2J). 
The crystallinaty was further enhanced by the addition of hydrogen 
chloride to the gas mixture (Fig. 2.24). The influence of HCl on the 
morphology was studied by variation of the HCl partial pressure while the 
SiH concentration was kept constant, at, for instance, p„.„ = O.4 x10 
4 SiH 
atm. Three regimes could be discerned: 
- In the regime °^P H C]_< °·4 x 10 atm the surface morphology resembled 
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Fig. 2.23. Silicon grown on tin-coated graphite in the absence of 
rate 0.6 μη 
a). Survey, b). Detail. 
HCl. Growth jum/min with 0.4 % SiH at 1130°C. 
the results that were obtained when no HCl had been used (Fig. 2.23). The 
silicon layers were rough and granular (Fig. 2.23a). The growth rate 
increased with increasing ρ„
η Ί
, until a maximum was reached, viz. G = 2.0 
^m/min at Ρ
Η
ρη s p„.„ = 0 . 4 x 1 0 atm. 
4 
to 
Fig. 2.24. Silicon grown on tin-coated graphite in the presence of 
HCl. Growth rate 0.8 un 
a). Survey, b). Detail. 
m/min with O.4 % SiH and 1.2 % HCl at 1130°C. 
—2 -2 
- In the region O.4 χ 10 < pTI_, < 2.0 χ 10 atm the silicon surface 
remained rather smooth during growth (Fig. 2.24a). As for the grain size, 
-2 
an optimum growth process was found with pTTrn = 1.2 χ 10 atm. The nul 
estimated grain size in that case was about 100 um (Fig. 2.24b). If the 
HCl concentration was further increased, the films exhibited an 
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Fig. 2.25. Scheme representing the experimentally found influence 
of HCl on the growth rate, the morphology, and the grain size. 
inhomogeneous grain size distribution, the larger grains being surrounded 
by small-grain regions. 
- If still higher HCl concentrations were used (>0.02 atm), the average 
crystallite size diminished, while several large grains remained present. 
Eventually, no continuous silicon layers were formed. 
The results are summarized schematically in Fig. 2.25. The 
observations can be explained as follows: 
At 1130°C, the С Б system is in the gas phase diffusion limited 
regime (Cf. Section 2.4.3). Accordingly, the surface is unstable if no 
etching agent is present; this explains the roughness of the surface if 
the gas phase does not contain chlorine. Addition of HCl decreases the 
density of nuclei (Cf. Section 2.4.4), and thus enlarges the collection 
zone of each nucleus. This accounts for the increase in grain size with 
increasing HCl concentration. However, a rise of the HCl concentration also 
implies an increase of the velocity of the tin etching process, due to the 
reaction 
64 
Increasing 
grain size 
ι *° 
I <» 
I Э 
' ΙΛ 
Ι Ν 
I " 
1—· 1 
3 - 1 
N ' 
0 
i n ' 
π> 1 
ID 1 
0 
to 
T3 
Ol 
- 1 
Ol 
- t -
Ю 
—1 
Ш 
Rough Smooth 
surface, surface 
1 I 
No growth 
2HC1 + S n r SnCl2 + I^ 
(Cf. Section 2.2). The substrate areas where the tin is removed constitute 
new nucleation sites for silicon. Since these new growth islands have only 
a small collection zone each, and since they are fed from the gas phase, 
they will cause the growth of relatively small crystallites. Consequently, 
the resulting silicon layer is inhomogeneous; it consists of small and large 
grains. Eventually, if the HCl concentration is further increased, the 
etching reaction 
Si + 2HC1 = SiCl2 + H 2 
will dominate the growth reaction given by 
SiH. = Si + 2H„ 
4 2 
and the growth process is replaced by an etching process. 
The presence of a liquid metal layer during the nucleation stage 
clearly results in an enlarged average grain size. The early growth stage 
was studied by allowing silicon deposition only during a relatively short 
time. After cooling, the samples were examined by means of optical 
microscopy (Fig. 2.26). The solubility of Si in Sn at 1140 С amounts to 
about 1 /o; thus, the precipitation of silicon during cooling can be 
neglected. For the system 0.6 % SiH. - 1.6 % HCl the following observations 
were made. 
- The silicon islands that are initially formed, develop rapidly in 
horizontal directions, forming platelets of about 2 μία thickness (Fig. 
2.26a). 
- After about two minutes growth time, the liquid surface is completely 
covered with silicon. During this stage the grain boundaries are formed 
(Fig. 2.26b). 
- During the subsequent growth process, the orientations and sizes of the 
crystallites remain unchanged (Fig. 2.26c-d). 
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Pig. 2.26. Growth of silicon on tin-coated graphite. Experimental 
conditions: 0.6 % SiH ; 1.6 % HCl; Τ 1140°C. 
a). Growth time 1 min. Ъ). Growth time 2 min. с) Growth time 5 min. 
d). Growth time 10 min. 
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Si (g) Si(g) 
Si(c) L-SilSn 
Fig. 2.27 С Б of silicon in. the presence of liquid tin. Si 13 
deposited at the vapour-solid interface (Si(g) — Si(c)), or 
alternatively, at the liquid-solid interface Ъу way of the liquid 
tin (VLS mechanism: Si(g) —Si(Sn) — Si(c)). 
Obviously, the key factor in the chemical vapour deposition process 
in the presence of a liquid metal layer is the high lateral growth rate of 
the silicon islands. It seems that the growth from the tin solution is 
very fast compared to the growth from the vapour phase. This can be 
on \ 
explained by the assumption of a vapour-liquid-solid (VLS) mechanism ' 
(Pig. 2.27). No nucleation barrier exists for the dissolving of silicon 
into liquid tin. When the solution of silicon m tin becomes supereaturated, 
silicon will nucleate very easily onto silicon clusters that are already 
present. This Si-on-Si growth is more likely than the competing silicon on 
graphite deposition, since the energy barrier for nucleation on silicon is 
lower than the energy barrier for nucleation on a foreign substrate . 
Whereas the vertical growth rate of silicon from the vapour phase is 
determined directly by the flux of silicon atoms towards the surface, the 
lateral growth rate is determined by the influx from the gas phase, the 
area of the liquid surface, and the silicon-tin contact area. If, for 
example, a circular tin droplet of diameter 2r and thickness t is surrounded 
by silicon, the ratio of the vertical growth rate and the lateral growth 
rate is expressed by 
lateral тгг r (55) 
G . ~ 2*rt ~ 2t 
vertical 
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In Eq. 55 it is assumed that all silicon atoms that are captured by the 
liquid surface are incorporated along the edge of the droplet. Thus, for 
a 2 /um thick silicon layer, and a tin droplet radius г = 100 /um, the 
lateral growth rate is 25 times the vertical growth rate. However, it has 
to be emphasized that Eq. 55 expresses the average lateral growth rate. 
The maximum growth rate is determined by the mechanism for the growth of 
silicon from the solution, a subject discussed in Section 2.5. 
2.4.2.3. SILANE AND TRICKLOROSILANE 
If silane is used as a silicon source, the addition of hydrogen 
chloride to the gas mixture enhances the crystallinity of the polycrystal-
line silicon layers, as was concluded in the preceding Section. This 
observation suggests that SiH. can be replaced by SiHOl,, since the 
reduction of the latter compound generates silicon as well as an etching 
agent : 
SiHCl + H 2 — Si + 5HC1 (56) 
2HC1 + Si ^  SiCl2 + E¿ (57) 
The etching reaction can be controlled by the adjustment of the trichloro-
silane partial pressure, or by the addition of hydrogen chloride. The 
influence of HCl on the morphology was found to be comparable to the 
results that where obtained using SiH./HCl/H„ mixtures. A comparison of the 
polycrystalline silicon layers grown from a SiHCl,/НСі/Н„ mixture on 
uncoated and on tin-coated graphite, respectively, reveals the enhanced 
crystallinity of the latter (Figs. 2.28 and 2.29). 
Grain boundaries can be revealed by mechanical polishing followed 
by chemical etching (15 s Sirtl etch) (Figs. 2.28b and 2.29b). For silicon 
grown onto graphite, the larger part of the etching pattern that is 
revealed originates from grain boundaries, whereas the majority of the 
lines that can be discerned in the etching pattern of silicon layers grown 
onto tin-coated graphite arises from twin planes and stacking faults. A 
polished and etched vertical cross-section through a silicon layer grown 
6 
Pig. 2.28. Silicon layer grown from 0.5% SiHCl and 1% HCl at 
15OOK on uncoated graphite. 
a) Surface as-grown. t>) Surface after polishing and chemical etching. 
c) Cross-section through silicon layer and graphite substrate. 
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Fig. 2.29. Silicon layer grown from 0.5% SiHClj and 1% HCl at 
1500 К on a graphite substrate initially coated with a 10 μτα thick 
tin layer. 
a) Surface as-grown, b) Surface after polishing and chemical etching. 
c) Cross-section through silicon layer and graphite substrate. 
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onto graphite reveals that the grain boundaries are perpendicular to the 
substrate plane (Fig. 2.28c). Prom the dimensions of the crystallites it 
follows that the principal growth direction is -parallel to the grain 
boundaries. Prom an examination of silicon films grown onto tin-coated 
graphite, it can be concluded that the films consist essentially of plate­
like monocrystalline regions that are pervaded by parallel twin planes. 
In Section 2.5. it will be shown that these twin planes determine the 
initial growth directions of the crystallites. 
2.4.?. TIIE GROWTH RATE 
An analysis of the growth rate as a function of temperature and gas 
phase composition yields information concerning the growth mechanism and 
the rate-determining steps in the growth process. 
2.4.5.1. THE GAS PHASE COMPOSITION 
The influence of chlorine on the growth rate was studied by the 
preparation of a series of silicon layers deposited onto tin-coated 
—2 graphite; the silane pressure was kept constant at 0.6 χ 10 atm. It 
appears that, if a small amount of HCl is added to the gas mixture, the 
growth rate increases with increasing chlorine content (Fig. 2.30). Next, 
a maximum is attained, and for high EC1 concentrations, the growth rate 
decreases with increasing HCl pressure, until, eventually, growth stops. 
The rising part of the curve is explained by the occurrence of a 
homogeneous gas phase decomposition of silanc, a phenomenon that has been 
studied by Eversteijn . The silicon that is formed by this homogeneous 
nucleation does not contribute to the growth rate. This homogeneous 
32) 
reaction is suppressed by the presence of KCl . For larger HCl 
concentrations (ρ™, >3ρ0·τι )ι the growth is counteracted by the formation 
ІІОІ Ы η . 
of silicon dichloride. The system is then governed by the reactions 
SiH — Si + 2H2 (5 а) 
2HC1 + Si — SiCl2 + H 2 (58b) 
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Pig. 2.3О. Growth of silicon from SiH./HCl/Н- mixtures on Sn/C. 
Experimental growth rate as a function of the HCl partial pressure 
for a constant SiH, partial pressure. 
The regime in which the growth and etching phenomena are interacting can 
be characterized by reversible processes. In this region the optimum 
conditions for the growth of large crystallites are found (Cf. Pig. 2.25). 
For very high HCl concentrations, the silane is converted quantita­
tively to gaseous silicon dichloride: 
SiH + 2HC1 — SiCl2 + 3H2 (58c) 
SiH. Thus, for a constant ratio of SiH. and HCl partial pressures (with 2p 
<Рт
Г
/-л < 4Pc-u )t i* is possible to bring about a reversible growth 
HCl ^ІНл 
process. An example of the growth rate G as a function of the silane 
pressure for a constant p.jC1 : p s i H ratio is given in Fig. 2.31. Here, 
the almost linear relationship between G and ?„.„ indicates that the 
4 
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Fig. 2.31. Growth of silicon from SiH /hCl/Л mixtures on Sn/C. 
Experimental growth rate as a function of the HCl partial pressure 
for a constant ratio of HCl to SiH partial pressures. 
decomposition of silane in this regime proceeds according to a first-
order mechanism. Alternatively, a reversible process can be brought 
about by the use of SiHCl,/HCl/H? mixtures. 
2.4.5.2. THE SUBSTRATE 
Fig. 2.32 shows the relation between the growth rate and the SiHCl, 
partial pressure for different substrates. It may be observed that the 
growth rate is determined solely by the gas phase composition and the 
substrate temperature; the growth rate is not influenced by the identity 
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Fig. 2.32. Growth of silicon from SÍHC1,/HC1/H mixtures on various 
substrates. Experimental growth rate as a function of the SHC1-
partial pressure for a constant HCl partial pressure. 
of the substrate. Also, it can be seen that the relationship between G 
and p...... is nonlinear for high trichlorosilane concentrations. The 
ЬіИиі^ 
process is governed by the reactions (Cf. Section 2.1 ): 
SiHCl + H 2 — Si + 3HC1 
2HC1 + Si ^  SiCl2 + H 2 
(59a) 
(59Ъ) 
Hence it follows that, if the SiHCl- pressure is increased, more HCl is 
formed, and the equilibrium of the second reaction shifts to the right, 
i.e. the etching process becomes relatively more important. This behaviour 
is also illustrated by the influence of the HCl partial pressure on the 
growth rate for constant p
s
. H-, and temperature (Fig. 2.33). Again, the 
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Fig. 2.33. Growth of silicon from SiHCl,/HCl/lI mixtures on various 
substrates. Experimental growth rate as a function of the HCl partial 
pressure for a constant SiHCl, partial pressure. 
substrate does not influence the growth rate. It can also be concluded 
that gas phase nucleation does not occur, since for low p.)r,-, there is г 
increasing growth rate with increasing HCl pressure (Cf. Fig. 2.30). 
In principle, it is possible to determine tb system parameters (i) 
stagnant layer thickness S ,and (ii) temperature difference between the 
surface and the bulk ΔΤ, from the growth curve of Fig. 2.33· (Cf. the 
discussion in Section 2.1). The uncertainties in p^__ and in the diffusion 
constants (ТаЪІе 2.1) do not allow a very accurate estimation, but the 
results are in good agreement with 4T = 500 K, and S = 8 mm (Cf. Fig. 2.1). 
The position of the etching point (p„.„_, = 0.005 atm; P H C 1 = 0.0?4 atm) 
is in quantitative agreement with the observations made by Smeltzer 37) 
2.4.3.3. THE TEMPERATURE 
The temperature dependence of the growth process is shown in Fig. 
2.341 both for the growth of silicon onto a solid substrate and onto a 
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Fig. 2.34. Growth of silicon from SiHCl /HCl/H mixtures on Si 
substrates and Sn/C substrates. Experimental growth rate as a 
function of temperature. 
liquid surface. For temperatures larger than I4OO K, the process appears 
to be only slightly thermally activated; the activation energy amounts to 
0.3 eV. For lower temperatures the growth rate is strongly temperature-
dependent. This transition indicates that for Τ >1400 К the diffusion of 
reactants through the stagnant layer towards the surface is the rate-
determining step for the growth process (the temperature dependence of 
the growth rate is determined by the temperature dependence of the 
diffusion coefficients and the boundary layer width, cf. Section 2.1); 
for lower temperatures, the kinetics of the surface reaction determine the 
32) 
growth rate '. This observation justifies the use of equilibrium 
calculations for a descriprion of the composition of the gas mixture at 
the surface for Τ >1400 K; in this temperature range, the kinetics of 
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the surface reactions are fast compared to the gas phase diffusion. 
It can Ъе concluded that the growth process of silicon layers onto 
a tin-coated substrate can be considered as a conventional CVD-process 
(comparable to the growth onto monocrystallme silicon slices) as far as 
the growth rate in the vertical direction is concerned, and that the growth 
rate is determined by the gas phase composition and the substrate 
temperature. The growth of the crystallites however, is influenced by the 
identity of the substrate as well. For very short growth times it was 
observed that the growth of silicon onto tin-coated graphite and onto 
uncoated graphite was slower than the growth onto monocrystallme silicon. 
It was found, that for the growth of silicon onto nonsilicon substrates, 
there existed an induction period of about }0 s. This can be explained by 
the assumption that the nucleation of silicon on nonsilicon substrates is 
governed by a surface-controlled process, as will be discussed in the next 
section. 
2.4.4. THE CHAIN SIZE 
The influence of the substrate and the gas phase composition on the 
gram size was discussed from a qualitative point of view in Section 2.4.2. 
In the present section the sul ject will be studied in terms of nucleation. 
Use is made of the analysis by Claassen, who studied the nucleation of 
silicon onto SiOp and Si,N. . 
In order to study the nucleation of silicon on tin-coated graphite 
substrates, the nucleation of needles will be considered. As will be 
argued in Section 2.5, these needles originate from nuclei which are 
collected on the edge of tin droplets. It is conceivable, that after 
nucleation the larger clusters float towards the edge of a tin droplet 
(as has been observed for occasional scum on the liquid). This explains 
the occurrence of needles on the edges of existing liquid droplets. It 
has also been observed that growth on liquid tin is favoured over 
nucleation on graphite when both surfaces are exposed at the same time. 
In that case the nucleation process can be conceived as a sequence of the 
following steps 5°» 5 3^: 
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(ι) Adsorption of silane on a free site *: 
к [S iH*] 
SiH. + χ z¿ SiH.X with K. = т ( 6 O ) 
4
 к
 л
 4 1
 PsiH/W 
-1 4 
(n) The reaction of silane, creating adatoms: 
k p 
SiH * é- Si(ad) + 2H (6l) 
k
-2 
(in) The etching of adatoms by hydrogen chloride: 
k i 
2HC1 + Si(ad) ¿ SiCl, + Η + К (62) 
к 
-3 
Reactions with the substrate, and the adsorption of species other than 
silane have been neglected. Also, it has been assumed that nucleation is 
controlled by surface kinetics. In the steady state it follows from Eqs. 
60 - 62 that the adatom concentration [Si(ad)] = η is given by 
K1 k2 PSiH I"! 
ni = 
k
-2 PIU + k3 (W 
* (63) 
The density of free adsorption sites is given by 
[»] = Γ7ΊΓΤ <64> 
1
 1pSiH,, 
4 
where И is the total density of adsorption sites. The occupation of these 
sites can be expressed by combining Eqs. 63 and 64. 
(65) 
K1 k2 PSiH, 
K
o (k_ 2p H 2 + к5(рнс1)
2)(1 + K l P s i ^ ) 
Venables has given an expression for the maximum density of critical 
nuclei N m the case of incomplete condensation with a high mobility of 
adatoms and small clusters: 
, A±1 F + E - F . 
? 1 χ d r¿¿\ 
eXp
 2kT ^ ' 
o' 
where С is a statistical weighing factor, 1 is the number of atoms in a 
78 
N (cm"2) 
Ю
6 
10 5 
104 
10 J 
ι ι ι ι • 
p S | H rOOO^atm 
Т=КОО К 
-
 peq о / 
J >^° 
' ^ о 
ι 
I 
t i l l 
I 
-
-
-
I 
10' 10 10 n-3 -^2 10" 10' 
~P^- (ahn) 
Pig. 2.35. Experimental density of silicon needles as a function of 
the effective silane concentration. 
critical cluster, E. is the heat of formation of a cluster consisting of i 
atoms, E is the energy for surface diffusion of mobile clusters, and E^ 
is the energy for surface diffusion of adatoms. Substitution of Sq. 65 in 
Eq. 66 gives 
-ii+1 
H„(0 
K1 k2 PSiH, 
.
( k
-2 PH 2
 +
 VW )(1 + K1 PSiH 4
}
. 
exp 
E. + E 
1 χ EJ 
2kT (67) 
Claassen found, that for sufficient supersaturation, the critical cluster 
size for the nucleation of silicon on non-silicon substrates, such as SiO,, 
or Si,N. was i =1. Since no saturation effects are found, К p„.
u
 <SC 1. 3 4 ι ын^ 
Furthermore, for diluted systems, p„ s 1 atm. This yields 
2 
^SiH, 
V : > k exp 
?¡ Чсі>2 + 1 
act 
kT 
(68) 
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Pig. 2.36. Experimental density of silicon needles as a function 
of temperature. 
w h e r e E
act ~ <Ei + Ex - Ed) / 2· 
The density of needles N can be used as a measure of the steady-state 
density of nucleated clusters. According to the analysis presented here, 
a plot of N versus the effective silane concentration (defined as the 
preexponential term in the right-hand part of Eq. 68) should yield a 
straight line. The results are shown in Fig. 2.35» where Claassen's value 
for k3/k 6 χ 10 has been used '. 
The temperature dependence of the density of crystallites is given in 
Fig. 2.36. For low temperatures there is a sudden increase in N with 
decreasing T. This can be attributed to the fact that, for Τ < 1400 К, the 
surface tension of tin is rapidly increasing (Cf. Section 2.3), which 
causes a poor wetting of graphite, and consequently a relatively high 
density of additional nucleation sites. For higher temperatures, an 
activation energy E . = 1.0 eV was found, which is comparable to the 
value 1.2 eV reported by Claassen for the nucleation of Si on Si,N. The 
somewhat lower value points to a higher mobility of the small clusters in 
the present case. This also results in the low absolute value of N (for 
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Pig. 2.37· Grain size as a function of the HCl partial pressure for 
a constant SiH. partial pressure. 
eff 10 ,,„.„ - .- atm, N = 10 1 0 cm 2 for Si,N. at 1275 К 5 3 \ and N = 2 χ "IO4 cm 2 bin. 3 4 
for 4Sn/C at 1400 K). 
Since the experimental results are in good agreement with the 
nucleation mechanism that was discussed in this section, it can be 
concluded that the nucleation process is governed by the influence of 
p_.
n
 and р
и г п
 on the density of nuclei. Since, upon nucleation, the growth 
of the crystallites from the solution is very fast (Cf. Section 2.5), it 
may be assumed that the crystallite size is determined by the chlorine 
content of the gaseous system. The experimentally found grain size as a 
function of the HCl partial pressure is shown in Fig. 2.37. The grain 
size is limited by the fact that for high HCl partial pressure the etching 
of tin is enhanced, resulting in an increase of the number of nuclei formed 
on graphite, and consequently a smaller average grain size. 
2.4.5. OHIENTATION 
The crystallographic properties of the silicon layers were examined by 
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Pig. 2.J6. X-ray diffraction pattern for silicon powder (a), and 
for a silicon layer deposited on tin-coated graphite (ъ). The 
unidentified peaks originate from the substrate. 
the x-ray diffraction technique, using Cu-K
a
 radiation. The diffraction 
pattern for randomly oriented polycrystalline silicon exhibits three strong 
diffraction peaks, associated with the |111}, (2201, and 1311| reflections 
(Table 2.7). Tor silicon layers deposited on tin-coated graphite, the 
relative intensities of these peaks showed that the (110} orientation in 
these layers was somewhat preferred (Fig. 2.38). The influence of the 
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Fig. 2.39. Relative intensities of (220) and (111) peaks in the 
x-ray diffraction patterns for various silicon layers, 
a). Silicon layer deposited on uncoated graphite in the absence of HCl. 
b). Silicon layer deposited on uncoated graphite in the presence of HCl. 
с). Silicon layer deposited on tin-coated graphite in the absence of HCl. 
d). Silicon layer deposited on tin-coated graphite in the presence of HCl. 
substrate and the gas phase composition on the crystallographic properties 
is shown in Pig. 2.39. The results show that 
(i) the polycrystalline films deposited on graphite exhibit a very strongly 
preferred (110) orientation. 
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Pig. 2.40. Pole figures for the (220) reflections of a silicon 
layer deposited on uncoated graphite (a), and a silicon layer 
deposited on tin-coated graphite (b). 
(ii) the presence of hydrogen chloride does not significantly influence the 
preferred orientation. 
The (110) texture of the polycrystalline films grown onto solid 
substrates reveals the columnar nature of tne crystallites. This has also 
been found for silicon layers deposited on SiO,. 35) and on borosilicate 36) 
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(m) 
(220) 
(311) 
(400) 
(331) 
2Θ.47 
47-34 
56.17 
69.20 
76.45 
1.00 
0.63 
0.39 
0.08 
0.18 
T A B L E 2 . 7 -
X-ray diffraction spectra for polycrystalline silicon layers. 
Crystallographic Reflection Helative intensity 
plane angle 2Θ Si powder Si on Sn/C 
1.00 
1.33 
0.29 
0.04 
0.12 
Por layers grown on tin-coated graphite the fibre-like structure is less 
evident, indicating that a different growth mechanism determines the 
orientations of the crystallites. An analysis of the silicon layers grown 
on tin-coated graphite made clear that the initial growth proceeds in the 
directions parallel to the substrate surface (Cf. Section 2.4.2), leaving 
the orientation of the crystallites in the vertical direction at random. 
The fact that for layers grown on tin-coated graphite a slight (110) 
texture was observed can be explained by incidental nucleation of silicon 
onto uncoated graphite. 
A comparison of the pole figures for the (220) reflections of silicon 
layers deposited on graphite and on tin-coated graphite, respectively, 
reveals the textureless coarse—grain nature of the latter (Fig. 2.40). 
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2.5. THE GROWTH PROCESS - GROWTH MECHAHISHS OF CRYSTALLITES^ 
Microscopic in situ observations and a posteriori surface topography 
by means of optical and scanning electron microscopy have been carried 
out in order to study the growth of large-grain polycrystalline silicon 
films from the gas phase onto graphite substrate coated with a liquid 
layer of tin or aluminium. In the present study, only the initial stages 
of the process, where crystal growth is governed by vapour-liquid-solid 
mechanism, will be considered. 
For the growth of the crystallites in the polycrystalline layers, 
which occur in two morphological forms, viz. needles and platelets, two 
different mechanisms could be identified: (i) a twin plane reentrant edge 
(ТРАВ) mechanism, leading to a fast length-wise growth of needles and a 
fast side-wise growth of platelets; (ii) a nucleation mechanism, accounting 
for a slow thickness growth of the needles and a slow expansion of the 
plate-like crystals. On the upper surfaces of some needles and platelets 
a.capricious surface pattern - always in conjunction with the occurrence 
of some solidified metal droplets - could be identified, which could be 
interpreted in terms of a two-dimensional VLS growth mechanism. 
2.5.1. INTRODUCTION 
The interest in the preparation of photovoltaic silicon solar cells 
via inexpensive processes has resulted in the publication of a variety of 
studies dealing with the growth of silicon onto non-silicon substrates, 
particularly graphite . One of the main problems in the chemical 
vapour deposition (CVD) of silicon onto foreign substrates is the poor 
crystallinity of the grown layers. It was found that the crystallinity 
could be enhanced by means of coating the graphite with liquid tin, prior 
to the deposition of silicon . In this CTOOLL process (chemical vapour 
deposition on liquid layers) the purpose was to grow large-grain poly­
crystalline silicon layers on top of graphite substrates. The deposition 
of silicon onto graphite plates, coated with a ΙΟ/il thick molten tin 
film resulted in the growth of polycrystalline films having a mean grain 
size exceeding 100 μτα, which is a requirement for satisfactory solar cell 
operation (typical conditions: 0.75% SiHCl, and 1.Oje HCl in H_ ambient; 
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surface temperature 1500 К), fhe formation of large grains is evidently-
associated with the presence of a liquid film, that influences the 
nucleation and growth of silicon. Although it was assumed that the presence 
of liquid tin (or, alternatively, liquid aluminium) (i) reduces the 
density of the silicon nuclei, and (ii) feeds the growing crystals from a 
solution of silicon in the solvent ^ 4 ' t a detailed investigation into the 
nature of this growth process has not yet been carried out. 
The purpose of the present studies was to characterize the growth 
mechanism for the growth of silicon on a liquid-metal coated substrate. 
This was done by the analysis of the polycrystalline silicon deposits by 
means of scanning electron microscopy and optical microscopy. The 
experimental technique for the preparation of the samples was described in 
Section 2.3. 
The growth of silicon needles and platelets from solution could be 
studied in situ by means of a binocular microscope placed over an epitaxial 
reactor tube provided with a quartz window. 
A more refined study of these crystallites was performed by means 
of optical reflection differential interference contrast microscopy in 
order to reveal low-contrast surface patterns. In order to obtain a three-
dimensional view at higher magnifications a scanning electron microscope 
(SEM) was used. Most of the microscopic observations were carried out on 
as-grown samples. However, some SEM observations were realized on Samples 
which were etched during two hours in a solution 50 vol % concentrated 
HNO, / 50 v°l % H-0 in order to remove residual droplets of tin or 
aluminium. This etching was carried out in order to reveal the areas of 
the silicon crystallites that had been covered by solidified metal. For 
stμdying the perfection of the crystals and to reveal stacking faults and 
45) twin planes,Sirtl etching was applied. 
2.5.2. THE GROWTH OF NEEDLES AND PLATELETS 
The growth of silicon needles and platelets was observed to be 
typically associated with the presence of liquid metal droplets on top of 
the graphite substrate. These crystallites could be studied both during 
their formation, and a posteriori. In order to study the growth mechanism 
87 
SiHCl and 1 % HCl 
Fig. 2.41. Successive stages of the growth of silicon crystallites 
on tin-coated graphite. The addition of 0.75 
started at t = 0 . Light regions: silicon; dark regions: tin. 
a), t = 1'00»; b). t = 1'20"; c). t = 2'30"; d). t = 3'00"; 
e), t = 4'30"¡ f), t = 4'45"; g)· t = 6'00"J h), t = 8'40". 
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of needles and plates, investigations were made into the morphology of 
large crystallites that were grown on isolated droplets. 
2.5.2.1. IN SITU OBSERVATIONS 
Fig. 2.41 shows a sequence of micrographs that was made during the 
deposition of silicon onto tin-coated graphite substrate. It may he 
observed that the initial growth of needles (e.g. a,b) and plates (e,f) 
proceeds very rapidly, but after a short time, the rapid growth stops, 
after which the crystallites grow in all directions at a much slower 
rate. It was estimated that the initial growth rate of the needles length­
wise was more than 60 times larger than the thickness growth rate. The 
initial expansion velocity of the platelets was of about the same order 
of magnitude as the needle propagation rate. This observation permits the 
conclusion that two growth mechanisms are operative: one for the rapid 
growth, and one for the slow growth. 
2.5.2.2. NEEDLE GROWTH 
2.5.2.2.1. CHARACTERISTICS 
The growth of needles is characterized by the following features: 
(i) The growth of needle-shaped crystallites always starts on the edge of 
a liquid droplet, and the growth continues in a direction more or less 
towards the center of the droplet. Fig. 2.42 gives a survey of a group of 
needles grown from liquid aluminium, whereas Fig. 2.43 shows silicon 
needles that were grown from a liquid tin droplet. 
(ii) The upper surfaces of the needles are curved, while the lower ones 
are in contact with the graphite substrate. For the Sn/Si system the 
morphology of the needles could be elucidated by the removal of the 
solidified tin using a 1:1 HNO /H„0 etchant, which does not affect the 
silicon needles and the graphite. Fig. 2.44 shows a typical large needle 
in the Sn/Si system. The profile of the upper surface is determined by the 
curvature of the droplet (Fig. 2.44<0· This is similar to the way in which 
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Fig. 2.42. Silicon needles grown on graphite coated with liquid 
aluminium. 
a) Differential interference contrast micrograph, showing that the 
growth of the needles starts at the edge of the liquid droplet. 
the external shape of cy]indrical or rectangular crystals is determined 
by the shape of the meniscus in the case of Czochralski ' o r edge-
47) defined filmfed growth . Fig. 2.44Ъ shows that the bottom side of the 
needle follows the morphology of the graphite substrate. 
Both features, viz. the fact that the top surfaces of the needles 
are determined by the gas-liquid interface, and the fact that the bottom 
surfaces are determined by the substrate, have also been observed clearly 
in the Si/Al system. Furthermore, it was found that the upper and lower 
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Fig, 2.42Ъ. Morphology of a few needles (SEM micrograph). 
Fig, 2.43. Silicon needles (dark) grown from a liquid tin droplet 
(light). The growth of the needles starts at the edge of the 
droplet (SEM micrograph). 
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Pig. 2.44· SEM micrograph, showing a typical large needle grown in 
the Sn/Si system. The tin has been removed by chemical etching, 
a) Overall view: the profile of the upper surface of the needle is 
determined by the curvature of the droplet, b) Detail of (a): the 
lower surface of the needle is in close contact with the substrate. 
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a. Nucleatíon site 
b: Growth front 
Fig. 2.44c· Detail of the needle in (a): the top surface shows a 
reentrant corner (R) and some twinninglines (τ) running parallel to 
the needle axis. 
d) Schematic representation of the characteristic features of 
needle growth. 
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surfaces of the needles are no crystallographic faces in general. 
(iii) The top surface of the needles, both in the Si/Sn- and in the Si/Al 
system exhibit a reentrant corner (Pigs. 2.44c» 2.45)· Associated with a 
reentrant corner, a group of twin planes running parallel to the needle 
axis may always be observed (Pigs. 2.44i 2.45)· These twin planes can be 
recognized by means of SEM, but particularly by means of differential 
interference contrast microscopy. The twin planes may be revealed more 
clearly by slight etching, e.g. by gas phase etching using HCl (Pig. 2.46a, 
for Si/Al), or by Sirtl etching (Pig. 2.46b). 
It appears that the needle axis and consequently the twin plane, 
always runs parallel to one of the sides of the stacking fault triangles 
that were created by the deposition of epitaxial silicon layers onto the 
needles (Pig· 2.46b). This indicates that the twin lines always run 
parallel to a ¡111 ¡ plane. Also, the twin planes are virtually always 
parallel to the lateral faces of the needles. These faces constitute 
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Fig. 2.46. Twinning lines (τ) on silicon needles, revealed by 
etching, a) Silicon needle grown in the Si/Al system, etched by 
gaseous HCl at 1500 К (SEM micrograph), b) Silicon needle grown in 
the Si/Al system, etched by Sirtl solution, and showing stacking 
fault triangles. The twinning lines run parallel to one of the sides 
of the triangles (optical micrograph). 
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twin planes 
reentrant· 
corner 
Fig. 2.47· Schematic representation of the twin plane reentrant 
edge growth mechanism at the tip of silicon needles. 
1111) planes, being the only stable P-face for the growth of silicon from 
49) the metal melt . Hence it can be concluded that the twinning is of the 
type |111| normal twin (the twin axis <111> is normal to the (111| 
composition plane). This type of twinning is the most common one that 
occurs in the diamond lattice (Fig. 2.47)· 
The growth mechanism that accounts for the generation of steps at a 
twin plane reentrant edge (TPRE) has been extensively studied, both 
theoretically tJjj
 an
^ experimentally -'/ь;>:},:> »."/ f
o r
 germanium, 
silicon, and diamond. The easy nucleation at a reentrant corner explains 
54) the high growth rate of the needles; Bennett and Longini have been able 
to grow germanium crystals at a rate of 15 cm/min using TPRE growth. 
The rate-determining step in this VLS-mechanism is unknown in the 
present case; it is possible that the growth is limited by surface kinetics, 
volume diffusion or heat transport. 
It was shown by Wagner and by Hamilton and Seidensticker 
that at least two twin planes are required for a continued reentrant edge 
growth mechanism. As a matter of fact, on virtually all needles two or 
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Fig. 2.48. Growth history of silicon needles. 
a) Nucleation on the edges of a droplet. 
D) Needle growth by a TPRE growth mechanism, followed by two-
dimensional nucleation. 
more twin planes could be discerned; the separation was sometimes less 
than 0.5 μη. 
2.5.2.2.2. GROWTH HISTORY OF THE NEEDLES 
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The growth process of the silicon needles can be summarized as 
follows (Cf. Fig. 2.48): 
(i) The growth starts in the vicinity of the edges of the liquid droplets. 
Some of the microcrystals (having a size of a few microns) that are formed 
contain two or more parallel |111| twins. If these twins are directed 
towards the liquid, the formation of needles will start (Fig. 2.48a). 
(ii) Needle growth (Fig. 2.48b). The TPRE-defined needle growth takes 
place at a very high rate (roughly. 1000 /im/sec) and stops suddenly. In the 
Si/Al system the needle growth is stopped only by collision against other 
needles (Cf. Fig. 2.42b), but in the Si/Sn system, the needle growth often 
stops without an evident reason (this might be due to poisoning of the 
reentrant corner, or exhaustion of the solution due to the poor solubility 
of Si in Sn - 2 /o at 1500 K). In principle, the needle size in the Al/Si 
system is unlimited (needles having a length up to 10 mm have been grown); 
the top and bottom surfaces are determined by the shape of the aluminium 
liquid and by the substrate, respectively. 
(iii) Thickness growth. Subsequently, the growth of the needles in the 
directions perpendicular to the silicon-liquid interfaces starts. Here, 
the growth rate is less than l/60 of the TPHE growth. From this sharp 
decrease in growth rate, it can be concluded that for the thickness growth, 
the surface kinetics constitute the rate-determining step in the process. 
Very probably, this growth process is determined by a nucleation mechanism. 
This is indicated by the fact that the TPRE mechanism only occurs if no 
51) 
spiral growth mechanism is operative . 
It is well known that VLS growth can result in the formation of highly 
58 59) perfect crystals . The defects that were revealed by Sirtl etchant 
were typically twins, stacking faults and many point defects (the latter 
were presumably created due to tin inclusions, or after growth). Only in 
a few cases dislocations or dislocation arrays (which might have been 
formed during cooling) have been found. The relatively low dislocation 
density is in agreement with the assumed nucleation mechanism. 
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2 . 5 . 2 . 5 . PLATELET GROWTH 
2.5.2.5.1. CHARACTERISTICS 
The growth of platelets is characterized by the following features: 
(i) The platelets usually originate on top of the liquid metal (homogeneous 
nucleation; Fig. 2.41 e,f), and subsequently grow rapidly over the liquid 
surface via a VLS mechanism. In some cases platelets were observed to 
originate from the edge of a droplet (i'ig. ?.49)· Platelet growth was 
found to occur only in the Si/Sn system, and not in the Si/ЛІ system. 
(ii) The platelets always exhibit a hexagonal shape (Fig. 2.41 f, Fig. 
2.49)> so it can be concluded that the top and bottom surfaces are usually 
|111| crystal faces. However, since the curved surface of the liquid 
determines the upper surface of the platelet (analogous to the morphology 
of needles), this surface can be slightly curved. The bottoms of the 
platelets are usually not in contact wiih the substrate; in some cases a 
movement of platelets over the liquid surface has been observed. 
(iii) Sirtl etching and surface topography did not reveal any twinning 
lines (intersection lines of a twin plane with a crystal face) on the 
upper surfaces of the platelets originating from a central point to the 
corners. Careful observation, however, revealed the presence of twinning 
lines and associated reentrant corners on the narrow side faces of the 
(111) plates (Fig. 2.50). These lines were roughly parallel to the |111) 
surface. 
This indicates that the growth of platelets is governed by two or 
more twin planes parallel to the J111) surface. Thus, the growth of plate­
lets proceeds via the TPRE mechanism that is also responsible for the 
growth of needles, as described by Faust and John , and Wagner . The 
growth mechanism has been pictured schematically in Fig. 2.50c. 
2.5.2.5.2. GROWTH HISTORY OF THE PLATELETS 
The growth process of the platelets can be summarized as follows (Fig. 2.51): 
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Pig. 2.49. Silicon platelet, nucleated on the edge of a tin 
droplet (SEM micrograph). 
Fig. 2.5O. Twin lines (Τ) and reentrant corners (R) on the narrow 
side faces of silicon platelets grown on a tin droplet, 
a) TPRE on an as-grown platelet (SEM micrograph). 
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(111> 
twin axis 
reentrant 
corner 
IÎ2T] 
twin planes 
211] 
Fig. 2.5O. b) Twinning line on a side face of a platelet, revealed 
by Sirtl etching (SEM micrograph). 
c) Schematic representation of a TPRE grown platelet. 
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SUBSTRATE 
b. 
Fig. ?.51. Growth history of silicon platelets. 
a) Kucleation and TPRE growth of a platelet. 
b) Cross-section, showing that the twin planes lose contact with 
the liquid. 
(i) Probably, homogeneous nucleation in the liquid metal is responsible 
for the formation of platelets. Alternatively, nucleation may be initiated 
at the liquid-vapour interface (which might be explained by the existence 
of a concentration gradient in the liquid metal). Nucleation at the liquid 
metal-substrate interface is improbable, since after etching of the 
solidified metal no traces of silicon on graphite could be detected. In 
some cases heterogeneous nucleation on the graphite on the edge of a 
droplet caused the formation of platelets; in this case the twin planes 
run parallel to the liquid surface. 
In the case of homogeneous nucleation inside the liquid, a micro-
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crystal migrates to the liquid surface (due to its small density compared 
with that of tin), where the platelet adjusts itself to the surface (i.e. 
the twin planes become directed parallel to the surface). Any other geometry 
will result in the growth of needles. 
(ii) Subsequently, a rapid lateral growth of the platelets takes place. 
Since the curvature of the droplet determines the curvature of the crystal 
top surface, the platelet will be slightly bent,. As a consequence of this 
bending, after some time the twin planes will come out at the top surface 
instead of at the side facets, and lose contact with thî liquid (Fig. 2.51b). 
Then, the growth rate decreases suddenly (Fig. ?.41f). On the upper surface 
of some platelets twin lines Ън с indeed been found, running parallel to 
the edges. 
(iii) If there are no twinning lines left on the side faces of the platelets 
(and consequently the reentrant corners are no longer operative), the 
subsequent growth continues via a nucleation mechanism. This is the slow 
growth (about l/60 times the ТРПЕ growth rate) that has been observed 
after the rapid growth (i'ig. 2.41 g,h). The arguments for the assumption 
that this growth is governed by a nucleation mechanism, and that the 
surface process is the rate-determining step are similar to the reasons 
given for the growth via nucleation for needles (Cf. Section 2.5.?.2.2.). 
2.5.5. TWO-PIMEHSIONAL VLS GROWTH 
In some cases it was observed that some small tin droplets remained 
present on the top surfaces of the needles and platelets. Here the crystal 
surface always exhibited a very complicated pattern in which these few 
isolated tin droplets could be detected (See Fig. 2.5?a). These patterns 
can be understood in terms of a two-dimensional VLS growth mechanism, and 
are similar to the ones that have been observed on ice by Kobayashi 
(however, in the present case there is no repeatable process for the 
formation of multiple terraces) and on CuGaS by Van Enckevort et al. 
This two-dimensional VLS growth mechanism for the advancement of a macrostep 
has been outlined schematically in Fig. 2.52b. The growth of such a step 
is governed by the presence of a liquid tin front, which accelerates 
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Silicon 
Advancement· direction 
macrostep 
Pig. 2.52. Two-dimensional VLS growth of silicon in the Si/Sn 
system. 
a) Differential interference contrast micrograph, showing an 
irregular surface pattern caused by two-dimensional VLS growth on 
the upper surface of a silicon platelet. Various solidified tin 
droplets are present. 
b) Schematic cross-section, showing a liquid "frill" at the edge 
of an advancing step. 
the process via a VLS mechanism. The observed solidified tin droplets are 
the remnants of these liquid "frills" at the edges of the macrosteps. 
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2.5.4. CONCLUSIOMS 
Silicon crystallites that resulted from the isothermal growth of 
silicon Ъу means of chemical vapour deposition onto a graphite substrate 
coated with a liquid metal have been analyzed. It was found that the 
initial growth of the crystallites proceeds via a VLS mechanism. Two 
stages in this growth process could be discerned: 
(I) A rapid growth of needles and platelets according to the twin plane 
reentrant corner (TPHE) mechanism. The twin planes that are responsible 
for this mechanism run parallel to the needle axis in the case of needles 
and parallel to the surface in the case of platelets. There is no essential 
difference between the growth of needles and platelets. This distinction 
in morphology is determined by geometrical factors. 
(II) A slow growth via a nucleation mechanism. In the case of needles 
this process is observed as the thicknesq growth perpendicular to the 
needle axis. In the case of platelets it is observed as a slow lateral 
growth of the platelets if the twinning lines are no longer in contact 
with the liquid. 
Crystallites without twin planes have hardly been observed. This is caused 
by the overgrowth of these slow-growing clusters by crystallites possessing 
two or more parallel twin planes. 
Two-dimensional VLS growth has been observed on the upper surfaces of 
needles and platelets. The velocity of macrosteps appeared to be influenced 
considerably by the presence of a liquid metal frill at the step front. 
From the fact that even for higher supersaturations growth of the {111} 
faces of silicon and germanium from the melt or metallic solution is 
strongly accelerated by the occurrence of a TPRE mechanism as compared to 
two-dimensional nucleation, it can be concluded that the standard 
temperature θ (For definition of θ see: Ref. 62 and 6j) of these systems 
is far below the roughening transition point as was determined by Monte 
Carlo simulation . In a forthcoming paper 'in which a comparision 
will be made between the Monte Carlo simulation results and growth 
experiments of (111| Si and Ge from the liquid phase, special attention 
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will Ъе paid to the relation between the parameters, which rule the 
simulations (such as θ ) and experimentally known values. 
A closer investigation into the thermodynamic and kinetic phenomena that 
are associated with the described growth process may lead to an augmented 
knowledge of the growth of thin large-grain polycrystalline silicon layers 
onto nonsilicon substrates, and enable the preparation of nonexpensive 
materials for photovoltaic solar cell fabrication. 
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2.6» CONCLUSIOH 
Silicon layers that were grown by means of chemical vapour deposition 
onto a graphite substrate that was coated with a liquid tin or aluminium 
layer exhibited an enhanced crystallinity, compared with layers that 
were deposited onto an uncoated amorphous substrate. Besides, the average 
crystallite size of these polycrystalline layers was influenced by the 
chlorine content of the gas phase. 
The process of chemical vapour deposition on liquid layers (CVIOLL) 
in order to obtain large-grain polycrystalline silicon layers can be 
characterized as follows: 
(i) A liquid layer is present on top of an amorphous substrate. The 
presence of the liquid surface causes 
-a low density of silicon nuclei in the beginning of the process. The 
presence of only a limited amount of nuclei is a condition for the growth 
of large crystallites; 
-the possibility of the growth of silicon from the silicon/metal binary 
melt. This isbrought about by (a) dissolving silicon, arriving from the 
gas phase, into the liquid, accompanied by (b) the crystallization of 
silicon from the solution. These steps can be carried out simultaneously 
if the solubility of silicon in the liquid metal is low (e.g. for liquid 
tin), or one after the other, if the solubility of silicor. in the liquid 
is large enough to enable the formation of a continuous silicon layer 
upon crystallization (e.g. for liquid aluminium). 
(ii) The gas phase contains an appropriate amount of an etching agent 
(preferably hydrogen chloride). The presence of chlorine in the gas 
phase causes 
-a decrease of the steady-state density of nuclei during the initial 
growth stage, 
-an enhancement of the stability of the surface structure. The simultaneous 
occurrence of growth and etching phenomena brings about a reversible 
process, with the result that the CVD-number (which characterizes the 
surface instability) has a low value, even in the diffusion-limited 
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1. MELTING OF TIN 
- DROPLET FORMATION 
2. DISSOLUTION OF SILICON IN TIN 
- DECREASE OF SURFACE TENSION 
- FORMATION OF LIQUID LAYER 
3. NUCLEATION AND COALESCENCE 
- ISLAND FORMATION 
4. VLS-GROWTH 
- FAST LATERAL GROWTH 
- EVAPORATION OF TIN 
- FORMATION OF GRAIN BOUNDARIES 
5. CVD-GROWTH 
- VERTICAL GROWTH 
- VERTICAL PROPAGATION OF 
GRAIN BOUNDARIES 
nr 
Fig. 2.53. Scheme representing the experimental sequence of the 
growth of silicon on tin-coated graphite. 
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temperature range. 
-the removal of the liquid metal. 
A schematic representation of the influence of the process conditions 
(substrate choice and gas phase composition) on the resulting silicon layer 
is shown in Fig. 2.53. 
Large-grain polycrystalline silicon layers (average grain size 
> 100 μτα) were obtained on graphite plates coated with a 10 μτα thick tin 
layer, from SiHCl /НС1/Н2 mixtures (with P S i H c l < P H C 1 < 3 p s i H C 1 ) at 
surface temperatures above I4OO K. The process involved the following 
sequence of steps: 
(i) The deposition (in vacuo or by means of CVD) of a tin layer onto a 
graphite substrate. 
(ii) The melting of the metal layer. This resulted in the 
formation of droplets. The surface tension could be reduced by dissolving 
a small amount of silicon into the liquid. 
(iii) The chemical vapour deposition of silicon in the presence of the 
liquid layer. This caused the growth of silicon needles and platelets via 
a VLS mechanism. Simultaneously, the liquid tin was etched away by 
hydrogen chloride. 
(iv) The chemical vapour deposition of silicon after the removal of the 
liquid layer, in order to attain the required silicon layer thickness. 
Silicon was deposited epitaxially onto the existing crystallites; the 
grain boundaries propagated vertically. 
A survey of the process sequence is shown in Fig. 2.54· 
Preliminary results indicated that the isothermal growth of silicon 
from a silicon/aluminium binary melt at 15ОО К gave very large crystallites 
(up to 5 mm). Further investigations into this system may lead to the 
preparation of continuous large-grain silicon films in this manner. 
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Fig. 2.54. Scheme representing the influence of the substrate and 
the gas phase composition on the density of nuclei ( l e f t ) , and the 
re su l t ing morphology ( r i g h t ) . 
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The process can Ъе inproved with the aid of a continued study of the 
combined chemical vapour deposition of the liquid metal layer and the 
silicon layer. This involves detailed investigations into the thermodynami-
cal properties of and the transport phenomena in the CTOOLL system. An 
augmented knowledge of the parameters that determine the conditions in an 
epitaxial cold-wall reactor system may lead to a generalization of the 
results, and enable the application of the CTOOLL process in other 
experimental systems, such as furnaces. 
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5. ELECTRICAL CHARACTERIZATION OF POLYCRYSTALLINE SILICON LAYERS 
5.1. INTRODUCTION 
Polycrystalline silicon is used in semiconductor industry for a 
great variety of purposes; for instance it is applied as a dielectric 
isolation, as a gate in MOS devices, and, more recently, in the preparation 
of photovoltaic solar cells. Knowledge of the electrical properties has 
become increasingly important for this reason. 
The most important electrical characteristic of chemically deposited 
polycrystalline silicon layers is the fact that undoped and lowly-doped 
layers exhibit very high resistivities (over 10 ficm ')· while, as the 
dopant concentration is increased, there is a sharp decrease in resistivi-
2) 
ty '. For high doping concentrations, the observed resistivity values 
are comparable with those of monocrystalline silicon with similar dopant 
2) 
concentration. Films may be doped during growth , via ion-implantation 
, or by diffusion . However, the resistivity behaviour appears not to 
be dependent upon the doping method. Also, the conduction mechanism in 
these materials seems to proceed via an analogous mechanism. For undoped 
films, the layers display a thermally activated conduction process with 
4) 
an activation energy of 0.4 - 0.6 eV ; the activation energy decreases 
with increasing dopant concentration, and for highly doped films no 
significant activation energy was found. 
The carrier drift mobility found in polycrystalline layers is 
usually lower than the mobility in monocrystalline silicon for a given 
donor or acceptor concentration. The mobility as a function of dopant 
concentration exhibits a rather complicated behaviour, sometimes showing 
4 . - 4 ) 5»6) . 
an optimum or a minimum ' value. 
For an explanation of the observed electrical properties, two models 
have been proposed. In both models, the polycrystalline films are conceived 
as a system of small crystalline regions joined together by grain boundaries. 
The concepts can be described in brief as follows: 
m 
2 "5Ì (i) In the impurity segregation model ' , it is postulated that the 
impurity atoms are deposited preferentially at the grain boundary; they 
may be pairing with defects and produce either neutral pairs or localized 
dipoles . Such impurities will not act as donors or acceptors. For low 
dopant concentrations, all impurities will be segregated in this way, and 
only few carriers are left for electrical transport. At high dopant 
concentrations, the boundaries will be saturated, and the impurities will 
enter the bulk of the crystallites and become a source of free charge 
carriers. Consequently, there will be a critical dopant concentration 
N* = N , / d (here N , is the density of grain boundary sites, and d is 
the average grain size). In this regime, there will be a sharp increase 
in the free carrier concentration as the dopant concentration is increased 
-causing a sharp decrease in resistivity. 
The activation energy of the conduction process is given by the 
position of the l'ermi level. According to this model, the carrier mobility 
is not greatly influenced by the dopant concentration. 
7 8Ì (ii) An alternative description is given by the carrier trapping model ' 
Here it is assumed that the dopant atoms enter the lattice of the crystal-
lites substantially, but that the free carriers become trapped at the 
grain boundary states. If the dopant concentration is low, there will be 
only a few carriers available for electrical conduction. The activation 
energy is determined by the location of the Fermi level. As the dopant 
concentration is increased, the trapping states will become more and more 
saturated, leaving an increasing amount of free carriers that can become 
involved in the electrical transport. If the doping is very high, the 
amount of charge trapped at the grain boundaries is negligible compared 
to the amount of active carriers. In this case the polycrystalline layer 
will resemble single-crystalline material. 
Due to the trapping of free carriers, there is a net amount of 
charge present at the grain boundaries, which causes a bending of the 
energy bands in the vicinity of the grain interface (Cf. Section 5·2.2.). 
Thus, energy barriers are created that hamper electrical transport from 
one grain to another. Consequently, the mobility of the free carriers is 
lower than for comparable single crystalline material. 
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Fig. 3.1. Models for monocrystalline and polycrystalline silicon 
(left) and corresponding energy band diagrams (right). In the 
segregation model (middle) the Fermi level shifts towards the 
intrinsic level; in the carrier trapping model (below) the energy 
bands bend at the grain boundaries. 
Both models are presented schematically in Fig. 3.1. In predicting the 
resistivity of polycrystalline silicon layers, -i.e. the large resistivity 
for low-doped samples as compared to monocrystalline silicon, and the 
sharp decrease at a critical dopant concentration- these models lead to 
qualitatively analogous results. The concepts imply different predictions 
however concerning the mobility behaviour in polycrystalline layers. 
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Experimental evidence that has been reported strongly suggests that 
the electrical properties of polycrystalline silicon layers are associated 
7) 
with the presence of large numbers of defects at grain boundaries . 
However, since the impurity segregation model and the carrier trapping 
model agree roughly in their respective predictions of the electrical 
behaviour, an experimental discrimination between the models is not easily 
done (microscopic observation of possible dopant segregation is generally 
7) beyond the spatial resolution of present-day analytical techniques '). 
Nevertheless, the qualitative observations of mobility behaviour, and the 
quantitative experimental results for resistivity as a function of donor 
and acceptor concentration tend to support the grain boundary carrier 
9) trapping model . 
In the next paragraphs a detailed account will be given of the grain 
boundary structure according to the concept of free carrier trapping at 
boundaries. This leads to a quantitative description of the electrical 
conduction in polycrystalline silicon layers. The most important parameters 
in this discussion are the dopant concentration N or Ν , the average 
grain size d, and the density of interface states N. . Next, the experi­
mental observations are examined and compared with the theoretical 
predictions. Since earlier workers mostly used small-grain polycrystalline 
material,they did not take into account the bulk properties of the grains. 
Moreover, they used series of samples characterized by a constant average 
grain size, and consequently paid little attention to the effect of the 
grain size on the electrical properties in their analyses. Yet, these 
items constitute an essential part of the theory of the electrical 
conduction in polycrystalline silicon, and thus their description is 
included here. 
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3.2. GRAIN BOUNDARY PROCESSES 
In this section a formalism will be developed for the description of 
electronic phenomena occurring in polycrystalline silicon layers. A concept 
of the geometric and electronic structure of grain interfaces is essential 
in such a formalism. These interfaces bear some resemblance to Schottky 
barriers: if a Schottky barrier can be defined as a surface contact of a 
metal and a semiconductor, then a grain boundary can be conceived as two 
free silicon surfaces in contact . This will serve as a starting point 
for the discussion. 
3.2.1. STRUCTURE OF GRAIN BOUNDARIES 
In principle, the presence of unsaturated silicon bonds ("dangling 
bonds") constitutes the difference between a surface and the bulk of a 
crystal lattice. Roughly, one could say that at a crystal surface the 
dangling bonds form a single layer, whereas at the interface of two grains 
in polycrystalline material there exists a "double layer" of dangling 
bonds. As the density of orbitals is rather high in the crystal planes 
that constitute high angle grain boundaries, there will be considerable 
overlap. 
At a clean surface, two-center overlap due to surface reconstruction 
(in which two silicon atoms participate) will in some cases occur . 
If two surfaces are brought into contact, the occurrence of three-center 
overlap is probable. In this type of chemical bonding three silicon 
dangling bonds overlap mutually. If the resulting structure has a three-
fold symmetry, it will deliver one bonding molecular orbital and two 
degenerate nonbonding molecular orbitals (Fig. 3-2). Since every dangling 
bond orbital provides one electron there will be a nonbonding electron in 
the three-center bond. Moreover, the bond is capable of accepting electrons. 
In a polycrystalline structure a grain boundary is a thin layer rather 
than a plane separating two differently oriented lattices. Thus, a grain 
boundary can be characterized as a transition zone between two perfect 
crystals, and in these regions three-center bonds will typically be found. 
The strength of these bonds depends upon the overlap integrals of the 
constituting orbitals. In polycrystalline silicon there is a wide variety 
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a Dangling bonds 
b Bonding overlap 
Tig. 3.2. Model for the chemical bonding between silicon atoms at 
grain boundaries. 
of boundary geometries, and the MO levels will be distributed over a 
certain energy range, including the band gap. 
Electronic processes in polycrystalline silicon are connected with the 
position of the nonbonding levels with respect to the valence band and the 
conduction band, and the Fermi level. The possible electron and hole 
transitions axe illustrated in Fig. 3·3· 
The following reactions can be discerned: 
a). Hole trap Τ + h = T + 
b). Acceptor Τ — Т ~ + h 
с). Donor Τ A T + + e 
d). Electron trap Τ + e = Τ 
Τ, Τ , and Τ denote a neutral, positive and negative trap, respectively; 
h denotes a hole; e denotes an electron. The example of a three-center 
bond illustrates the possibility of all four transitions. A state may be 
either neutral, or be occupied by a positive or a negative charge. If 
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Fig. 3.3. Electron and hole capture and emission transition 
processes at grain boundaries in polycrystalline silicon. C: 
conduction band edge; V: valence band edge; T: trap level. 
donor atoms (D) and acceptor atoms (A) are also present in the material, 
the system is governed by the following set of equations: 
The neutrality condition 
Aj,+ + Пц* + Ρ = Пу~ + n A " + η 
An expression for the total concentration of trap states N_ 
Ν
τ - "τ
 +
 V + "τ" 
Expressions for the occupation of donor levels: 
ND = ^ + ^ 
^ •.И-^)]-1 
(1) 
(2) 
(За) 
(зъ) 
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where the factor ^  arises from the degeneracy g = 2 of the donor impurity 
level. 
Expressions for the occupation of acceptor levels: 
NA = nA + nA- (4a) 
nA" = NA[ 1 +Í e X P(^¿^)]" 1 (4Ъ) 
1 
where the factor j arises from the degeneracy g = 4 for acceptor levels 
(the impurity level is doubly degenerate as a result of the two degenerate 
valence bands at к = 0 for Si). 
An expression for the occupation of trap states 
2 ^ " + Пу = 2fT.NT (5) 
with Ν
φ
 = total concentration of trap states. 
n_, n_ , η
φ
 = concentration of neutral, positive, and negative states. 
N = total concentration of donor atoms. 
IL, ii- = concentration of neutral and ionized donors. 
N, = total concentration of acceptor atoms. 
η , η = concentration of neutral and ionized acceptors. 
Ε , E, = donor and acceptor energy levels. 
E_ = Permi level. 
Ρ 
In Eq. 5 fm represents the Permi-Dirac distribution function. If all traps 
are located at an energy level E_, f can be written as 
where g_ is the ground state degeneracy of the trap level. If the Fermi 
level is located above the trap level, a negative net charge is present in 
the trap states. A positive net charge is present if the Fermi level is 
located below the trap level. The trap states are neutral if EL, = EL,. The 
net amount of charge that is present in the trap states is given by 
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От = (η
τ
+
 - n.jD.q 
where q is the elementary charge. If CL > 0, an excess of holes is captured; 
if Q_ < 0, there is an excess of electrons in the trap states. With the aid 
of Eqs. 2 and 5 it then follows: 
ή,, = qNT(l - 2fT) (6) 
If the trap states are not located at energy Ε , but instead are 
distributed over the band gap, then the captured positive net charge is 
given by integration over the band gap: 
E, 
lVdE=q| C N (Ε)Γΐ - 2f (E)ldE 
*v E V L J 
(6a) 
If all states are located at the interface, and if the distribution of 
states is homogeneous and continuous over the band gap, then the positive 
net charge at the grain boundary is given by 
Q. = èqN. 
IS " IS 
E G - 2 I \(E)dE (7) 
Here, Q. is the interface charge per unit area of grain boundary, and N. 
IS Ο Λ "^^  
is the interface state density in (cm (eV) ). The integral term in Eq· 7 
can be rewritten as 
+
 Ζ
 ех
Ч~кт—j 
*v 
f fT(E)dE = kT In Pc - Ц 
1 + 1 /
E
c - M 
% «ц-й—J J 
( β ) 
If the Permi level is not very close to either the conduction band or the 
valence band, Eq. θ can be approximated by 
E„ 
CfT(E)dE = Ej, - Ey (9) 
In that case, the interface charge is given by 
«is = 1Nis[*EG - ( E p - V ] (10) 
i?3 
Eq. 10 shows that the net density of captured charge carriers at the grain 
boundary is proportional to the energy difference between the intrinsic 
level and the Fermi level. A "neutral level" E = ¿(E- - EL.) can be defined 
in the middle of the band gap. If the Fermi level is located at Ε , the 
grain boundary is electrically neutral. 
In this section, it has been demonstrated that grain boundaries in 
polycrystalline silicon may influence the electronic processes, even if no 
impurities are present at the grain interfaces. As the interface state 
density may be conceived as a material constant, the charge density at the 
grain boundaries is determined solely by the position of the Ferrai level. 
In order to calculate the location of the Fermi level, the phenomenon of 
band bending must be taken into account. This will be considered in the 
next section. 
3.2.2. ELECTRICAL· CONDUCTION IN POLYCRYSTALLINE SILICON 
In the following analysis it is assumed that the grain boundary is 
characterized by charge carrier phenomena; thus, impurity segregation and 
other forms of surface contamination are neglected. 
5.2.2.1. THE BAND STRUCTURE 
The hypothesis on which the present description of the energy band 
structure at grain boundaries is based will be called "Interface State 
Model". It may be defined as follows: A grain boundary is characterized by 
a homogeneous continuous distribution of energy levels over the band gap. 
These states may be neutral, or posses a univalent positive or univalent 
negative charge; the charge occupying a certain level is determined by 
electron and hole statistics. 
The analysis will be carried out for the case of p-type silicon, but 
an analogous discussion is valid for η-type layers. The interface states 
will act as sinks for mobile charge carriers (holes), and thus create a 
net positive charge at the grain boundary (Fig. 3.4). This charge will be 
compensated by the environment of of the boundary; the localized ions (e.g. 
boron ions) in this region contribute to a negative space charge. This 
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Pig. 3·4· Charge distribution and band structure at a grain 
boundary in polycrystalline silicon according to the interface 
state model. W: depletion region width; x: cartesian vector 
perpendicular to the grain boundary. The net charge at the interface 
is proportional to dE. For η-type polysilicon ΔΕ = (¿Eç - qi>n -Eg). 
Por p-type polysilicon dE = ЦЕ^ - q<P - EL.) (See text). 
space charge region is created by the depletion of mobile carriers. As a 
result of this charge distribution, the bands will be bent in the vicinity 
of the grain boundary. Electrical neutrality is guaranteed by the fact 
that the net charge Q. at the interface is exactly balanced by the net 
charge Q in the space charge region; thus 
Q. 4is GL, (11) 
The net charge at the interface is determined by the difference ΔΕ between 
the intrinsic (neutral) level and the Permi level at the interface, and by 
the density of states N. . If in the bulk of the crystal EL, - EL = qd> , 
then, at the boundary EL - EL = дФ + E ß (Cf. Fig. 3-4). Thus, according 
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to Eq. 10: 
Q i a = i ( i \ - q<Pp - E ^ (12) 
where q is the hole charohe, Φ is the potential for holes in the crystal 
bulk, and E_ is the height of the energy barrier at the interface. The 
charge in the depleted region is given by 
Q
sc = - *
NA- 2 W <1*> 
W is the depletion zone width and N is the acceptor concentration, which 
is assumed to be equal to the ionized acceptor concentration. Under these 
conditions, the neutrality condition can be rewritten as 
qN i s(4E G - q0 p - Eg) = 2^Μ (14) 
The barrier height can be calculated using Poisson's equation for this 
case . This equation may be used if the image potential is neglected, 
and if all interface charge is localized at an infinitely thin boundary 
region (x = 0). Both assumptions are made here. The general form of 
Poisson's equation is 
Pi
s
E = p(x,y,z) (15) 
where e is the permittivity of silicon, E is the electric field vector and 
p(x,y,z) is the total electric charge density. The present case can be 
treated as a onedimensional system, and Eq. 15 can be rewritten as 
.2 qN. 
5
- | = -j- â for 0 < χ < ¥ (16) 
dx s 
The continuity condition and the boundary condition respectively require: 
©x=W = ° 07·) 
V(x=W) = 0 (17Ъ) 
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It follows that 
qH 
V(x) = ^  (W - χ ) 2 (1Θ) 
s 
For χ = 0, V(x) = V_. Thus the potential barrier height is given by 
В 
У 
qN...
в = ^ 7 - О?) 
s 
This yields an expression for the depletion layer width: 
Eq. 20 can be substituted in Eq. 14» with qV = bL·. 
dN i s(*E G _ д Ф р - E B) = ( 8 С 8 К А Е В ) * (21) 
Eq. 21 expresses the relationship between the barrier height E_ and N 
and N. , or, explicitely: 
At N. 
iE
r
 - q<D - S- A 
G
 Ρ
 2
м
 2 
q N. 
* is (L 2 ί3 ΝΑ J 
(22) 
where qφ = kT ln(NV/NA) (23) 
Complete ionization is assumed and Boltzmann statistics is used; N is the 
effective density of the valence band. 
Fig. 3.5 gives the barrier height according to Eq. 22 as a function 
of the acceptor concentration for several values for N. .It appears that 
the barrier height exhibits a maximum. This behaviour can be explained as 
follows: 
- For low dopant concentrations, only few carriers can be captured. The 
barrier height is approximately equal to the difference between the Fermi 
level and the intrinsic level: E_ ~ ¿E_ - qd> . Since the ionized acceptor 
concentration is low, the depleted area is wide (Cf. Eq. 20). 
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Pig. 3.5. Calculated energy barrier height L at a grain boundary 
as a function of the acceptor concentration N for various values 
of N. . 
IS 
- As the dopant concentration increases, the barrier height increases due 
to the trapping of additional carriers. The depletion width decreases 
steadily. 
- For high dopant concentration, only a narrow space charge region is 
required to compensate the boundary charge. This small depletion width 
implies a small barrier height (Eq. 19). 
The band structure as a function of the acceptor concentration is 
illustrated in Fig. 3.6; the situations that are depicted correspond to 
the three cases mentioned above. 
The discussion presented above is valid only if the space charge 
regions do not overlap in the bulk of the grain. This overlap will occur 
for layers that are composed of small grains and have a low dopant 
concentration. In that case, the space charge region is restricted by the 
12Θ 
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Fig. 3.6« Energy band diagrams at a grain boundary for different 
acceptor concentration (See text). 
grain size: 
2W (?4) 
Accordingly, most of the mobile carriers will be trapped at the interface 
states. The Fermi level in the middle of the grain (where the boundary 
conditions 17a,b apply) is then no longer defined by Eq. 23. The neutrality 
condition (Cf. Eq. Ή ) can now be written as 
I 29 
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Pig. 3.7. Calculated energy barrier height IL at a grain boundary 
as a function of the acceptor concentration N for various values of 
N. , and for various values of the average grain size d. The right 
is 
part of each curve is determined by N. ; the left part of each curve 
is determined by d. 
q(èEG - q<t>p - y N . s = qNAd (25) 
The barrier height is obtained by substituting the grain size d in Eq. 19. 
2», Л q N.d 
Ез = ^ - (26) 
8f 
The position of the Fermi level in the middle of the grain is given by 
(27) 
NAd q
2N Ad
2 
*
Ф
р = ί\ - ИГ - ~вГ~ r
 IS s 
Eq. 26 shows that for a completely depleted crystal layer the barrier 
height is dependent upon the grain size. The barrier height as a function 
of the acceptor concentration is shovm in Fig. 3·7 for several values of 
the grain size d. 
1 ·;ο 
SMALL GRAIN SIZE 
Fig. 3.8. Energy band diagrams for polycrystalline silicon layers. 
In the "large grain size" situation the crystal layer is partly 
depleted. In the "small grain size" situation the crystal layer is 
completely depleted. 
- For a very small grain size, the crystal will be completely depleted; due 
to the abundance of trapping states, each interface is occupied by a 
relatively small amount of charge, giving rise to low barriers. 
- For a larger grain size at the same doping level, a larger amount of 
charge will be captured at the grain boundaries, causing higherbarriers. 
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Fig. 3.9. Calculated critical acceptor concentration N as a 
function of the grain size d and the interface state density N . . 
The curves indicate the transition from the case of complete depletion 
И. < N.* to the case of partial depletion N, > N. 
A A A A 
- Eventuallyi for large grains, the complete depletion will be abolished, 
and Eq. 22 again gives the barrier height; the situation that was depicted 
in Pig. 5.5 is found again. 
The influence of the grain size on the band structure is illustrated 
in Fig. 3.Θ. 
The transition between the cases of partial and complete depletion of 
a polycrystalline film is defined by restating the neutrality condition 
Eq. 14, using Eq. 24 and Eq. 26. 
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4**2Ί 
- S T " Ніз = 3
 J 
2
Ы * d21 
q \ìEa - kT ln(NV/<) - Ц т 1 H ^ = 1NA*d ( 2 8 ) 
N is the critical acceptor concentration; if Ν = Ν, , the space charge 
regions touch mutually in the middle of the grain. 
N * is given implicitely Ъу 
iE - k T ln(NV/N.*) 
N A — τ : — т г ^ - ( 2 9 ) 
\ is s' 
Ν,"as a function of the grain size is depicted in Pig. 3.9 for several 
values of N. . 
is 
5.2.2.2. ELECTRICAL· TRANSPORT 
If the charge transport in polycrystalline silicon films is determined 
by the presence of potential barriers at the grain boundaries, then the 
theory of thermionic emission can be applied for establishing the 
electrical properties of these layers. This description is valid if three 
conditions are fulfilled ': 
- The barrier height should be larger than kT (kT = 0.026 eV at Τ = 298 К). 
- Carrier collisions within the depletion region are neglected. 
- The effect of image force is neglected. 
Thus, the electrical current is determined by the diffusion potential at 
the grain boundaries. Then, the thermionic emission current density J
+
. is 
proportional to the applied voltage V across a grain boundary according 
t o 6 ) 
Jth = Λ ^ ν ^ ' Μ - Sr) ·ν (3°) 
m * is the effective mass for holes; ρ is the hole concentration on the 
edge of the space charge region; thus 
- "ΜΊ
 ( 3 0 a
> 
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If there is no complete depletion in the bulk, ρ = N . The thermionic 
conductivity for a polycrystalline film with an average grain size d is: 
«th = dq/^m^kT^expf- ^f) (31 ) 
It should be remarked that E_ (= iV-n) does not represent the activation 
energy for the conductivity, since it contains temperature-dependent terms. 
In order to separate the temperature-dependent terms and the temperature-
independent terms, Eq. 22 can be approximated by the expression 
4f Ν. Γ/ q2N. 2E„\^ "| / Ν,.\Γ / q2N. 2E
r
,\-^ "I 
2 f Ν Δ i?
2) 
ι s A 
where the condition has been used that q(I> < §E_ + — τ- , which is always 
ρ Ь ¿y. ¿ 
valid in ρ-type material. is 
Substitution of Eq. 32 in Eq. 31 gives 
exp(- ¿ ) (33) 
with 
and 
"th 
a = 
V, 
4idq2nL*kT 
" h5 
(' 
- if 
2 2 q N . s E 
+
 4<A 
4 e ? 
i - s ' 
©' 
f 
^Гл 
(34a) 
(34Ъ) 
For low dopant concentrations, the activation energy Ε
σ
 starts at ¿E_, and 
decreases steadily with increasing N.. The activation energy does not 
depend upon temperature, whereas the barrier height decreases with 
increasing temperature. At Τ = 0 Κ, E = EL. Eq. 32 can be shortened to 
EB = W - k T ^ V · hence E ^ E ^ . 
The activation energy as a function of the acceptor concentration 
according to Eq. 34b is shown in Pig. 3·10 for several N. values. 
Por a completely depleted polycrystalline layer, the thermionic 
conductivity is also given by Eq. 31. Using the expression for the Fermi 
level in the center of the grain (i.e. Eq. 27), ρ can be eliminated. 
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Fig. 5·10. Calculated activation energy of the conductivity as a 
function of the acceptor concentration N and the interface state 
density N. . 
"th 
dq2Nv(27tmh* кТ^ехр^- ¿ J (35) 
The activation energy for the thermionic conduction in a completely 
depleted film is: 
E„ 
NAd 
is 
(36) 
Again, for low dopant concentrations and a small average grain size, the 
activation energy is equal to about half of the band gap, and decreases 
with increasing acceptor concentration and grain size. Ε
σ
 as a function 
of N, is shown in Pig. 3·11 for several average grain sizes. The abrupt 
transition occurs at Ν = Ν , as defined by Eq. 29. 
The conductivity of a polycrystalline film with large grains will be 
determined not only by the diffusion barriers, but also by the scattering 
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Fig. 3·11· Calculated activation energy of the conductivity as a 
function of the acceptor concentration N.. for various values of N 
A is 
and d. The upper part of the curves is determined by N and d; the 
lower part of the curves is determined by N 
of carriers due to acoustic phonons and ionized impurities in the bulk. The 
film can be conceived as a series connection of bulk resistors and grain 
boundary resistors. Thus, the resistivity of such a layer can be described 
in terms of a voltage across a grain due to scattering (v^)» and a voltage 
across a barrier (v., ), for a given current density J (provided that 
fil qVth«kT) °>: 
P = d 
V + V b th 
"b + Pth (37) 
p, is the resistivity component due to the bulk resistance; p.. is the 
resistivity encountered in the process of thermionic emission. The last 
term in Eq. 37 is given as the reciprocal of Eq. 31· In order to determine 
the concentration of mobile carriers in a grain has to be calculated, rb 
since 
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β = qtfpP (38) 
where μ is the average hole drift mobility in the grain. In the undepleted 
part of the crystal, the hole concentration is given by the acceptor 
concentration, Ν = ρ . In the space charge region adjacent to the 
interface, the hole concentration is given by 
7 p(x)dx 
Psc = 2 ' - 2 W - W 
x=0 
where 
/q«p(x)l 
p(x) = N
v
 exp -\
 k T J (40a) 
and, according to Eq. 1Θ 
fqN 
•p(x) = ч\р ςφ^(χ) = q | ^ (W - χ )
2
 + Φ I (40b) 
s 
where qφ is the potential for holes on the edge of the space charge 
region. Eq. 39 can be rewritten as 
y=W Г , 2 , 
^v=o
 e x T ( ^ y2 + q v ) d ( y + v ) ] y=0 L » s 
N
v ( qVn=w(=Mr)
 2.fp^f 1 
τ -4- — Ц е**<-* )d[l7¡-J *+ W J 
wq -(-ς-) М- - Й Г Ц е^-* )« 
A 
r
sc 
N.. /2*e kT\* / ч*ро\ Γ / Ν . \* 1 
= ¿(-17-) «4- —)-f Ь (^т) J (41 > 
For very small grains or a low acceptor concentration (N. < N ), the space 
charge region will occupy each grain completely. In that case, d = 2W. 
Thus 
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Fig. 3.12. Calculated concentration of free holes ρ as a function 
of the acceptor concentration N . p. is the intrinsic concentration 
of holes, 
a), ρ as a function of N and d. 
N
v
 ^ « „ И Ч * / П о \ fid/ Ν, 4* I 
(42) 
Here, q* is given by Eq. 27. 
If the grain size is larger than the depleted region, i.e. d > 2W, and 
consequently N > N *, then there is a non-depleted fraction (d - 2W)/d 
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Fig. 3.12Ъ). ρ as a function of N and N i c 
present in the crystal: 
(43) 
Then, the average hole concentration in the layer is given by 
Ρ = N A 1 *-G£T-№) ] (44) 
Pig. 3.12 shows the influence of N. and d on the relation between the 
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Fig. 2.13. Calculated conductivity a as a function of the acceptor 
concentration N.. A 
a), σ as a function of N and d. 
average hole concentration and the total acceptor concentration. If the 
dopant concentration is reduced, there is an abrupt decrease in the carrier 
concentration at N. = N.*. Below this point, virtually all holes are 
A A 
captured at the interface states. 
If the average hole concentration is known, the conductivity of 
polycrystalline silicon layers can Ъе calculated using Eq. 37· The results 
of these calculations are shown in Fig. 3.13 · The conductivity is 
140 
tí (ncm)' 
= N|S=10'*(eV)lcm'i 
_L I 
_L 
1015 1016 1017 1018 -i 
NA(cm 3 ) 
Pig. 3.13b). σ as a function of N and Ν. . 
determined both by the bulk resistivity and by the diffusion barriers at 
the boundaries. An example of how the overall resistivity consists of a 
bulk component and a thermionic component is given in Fig. 3.14· In 
principle, three regions can be distinguished: 
- Por Ν.« Ν, , the space charge regions occupy the complete crystal layer. 
The resistivity is determined by the concentration and bulk mobility of 
holes. 
In the regime where Ν ~ N *, the barrier height typically attains its 
141 
Ρ (ост) 
10 6 
10 5 
10 ** 
10 3 
10 2 
1 0 1 
10° 
10"1 
ΙΟ"
2 
-
4 » . 
| ι ι ι 
ι 
ι _ 
I d = 10"4cm 
I 
I N l s = 10
1 2 (eVf 1 cm" 2 ~ 
1 
il 
\ 
\ W 
\ \ 
I \ \ ^ " 
EB>kT \ N 
JNA« , , , 
10 1 5 10 1 6 10 1 7 10 1 8 
NA(cm'
3) 
Fig. 3.14. Calculated resistivity ρ as a function of tne acceptor 
concentration Ì, . The figure shows the total resistivity p. , to be 
composed of the bulk resistivity p. and the grain boundary resistivity 
Ρ , . The dotted line indicates the transition from the completely 
depleted regime N > N * to the partly depleted regime N ¿ < NA*. 
maximum value. Here, the thermionic emission current mechanism determines 
the net resistivity of the layer. 
- For N » N * , the conductivity is essentially limited by the scattering 
of carriers by impurities. The bulk phenomena determine the net resistivity 
of the layer. 
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The average bulk mobility μ in Eq. 38 depends upon the impurity 
concentration N . The net mobility in the film is given by 
/ g th- g b \ 1 
Kh + °J qp-"p • fef^Ï  (45) 
r
 > th b/ qp 
This equation can be simplified in two limiting cases: 
(i) If σ, « σ,, , for low barrier's, then 4
 ' b th 
" p = І = ^  (46) 
qp 
( i i ) If σ » о , for ?iigh barriers, then 
μ fth = d q l o ( к т ) - І е х р ( _ ^ ] ( 4 7 ) 
qp ρ x ' 
If the crystal layer is completely depleted, Eq. 42 can be substituted in 
Eq. 47, giving 
U ι »-1 
UP = а Щ Т ^ erf \р^7Щ J exH_^T-j (47a) 
In the case of partial depletion, substitution of Eq. 44 in Eq. 47 gives 
1
 " ^
+ ( ^ [ е г 4 д ы Ш 1 г х р ( - ^ ) (4тъ) 
q A
 ) 
The net hole mobility as a function of N according to Eq. 45 was computed 
for several values of d and N. . The results are shown in Fig. 3.15· It 
may be seen that for very low and very high doping', the mobility is 
approximately equal to the mobility found in monocrystalline silicon for 
equal impurity concentration (Eq. 46). If thermionic emission is the main 
conduction mechanism, the hole mobility is an exponential function of the 
barrier height.(Eq. 47). The μ vs. N relationship shows a minimum value, 
Ρ A 
coincident with a maximum barrier height. Furthermore, there is a 
discontinuity for N. = N, . 
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Fig. З.15. Calculated effective mobility μ for holes as a function 
of the acceptor concentration N.. Left: μ as a function of N A and d; 
right: μ as a function of N and N . . 
For η-type polycrystalline silicon layers the deduction proceeds 
completely analogous. The numerical values for the mobilities of electrons 
in η-type polycrystalline silicon will be somewhat larger than the data 
for holes in p-type polycrystalline silicon shown in Fig. 3-15· This is 
due to the fact that the conductivity effect mass of electrons is smaller 
than that of holes. 
From these theoretical considerations it is clear that measurements 
of the mobility as a function of the dopant concentration are the best 
approach to the investigation of the thermionic emission process in 
polycrystalline silicon layers. 
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5.5. ELECTRICAL MEASUREMENTS 
Polycrystalline silicon layers with different average crystallite 
sizes were grown onto various substrates via chemical vapour deposition. 
The ionized impurity concentration, the mobile carrier concentration, and 
the conductivity of these films were measured as a function of the dopant 
concentration and in some cases of temperature. The purpose of these 
investigations was 
-to study the impurity distribution in these films, and to determine 
whether dopant segregation is a relevant factor in the description of the 
electrical properties of polycrystalline silicon layers. 
-to study the conduction mechanism in polycrystalline films, in particular 
the influence of depletion due to carrier trapping on the conductivity, 
and the phenomenon of thermionic emission. 
-to study the influence of the grain size on the electrical properties. 
—to compare the experimental results with the theoretical predictions 
that were developed in Section 5.2. 
-to study the effect of optical illumination on grain boundary processes. 
5.5.1. EXPERIMENTAL 
Since the preparation of polycrystalline silicon layers has been 
described extensively in Chapter 2, this section deals only with the 
measuring techniques that were used in the electrical characterization 
of the samples. 
5.5.1.1. ACCEPTOR AND DONOR CONCENTRATION MEASUREMENTS 
The capacitance-voltage technique (C-V measurement) is a means for 
directly measuring the ionized dopant concentration. Since this method 
does not depend upon a steady current flow, it is unaffected by potential 
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barriers. Furthermore, in contrast to physical and chemical techniques 
itJtlJ .^jjg Q_y technique yields information on the distribution of the 
dopant, thus making this technique particularly suited for an investigation 
on dopant segregation. 
Polycrystalline and monocrystalline silicon were deposited on 
silicon nitride coated and uncoated (100) oriented silicon, respectively, 
by the reduction of trichlorosilane in hydrogen. The reactor was a horizontal 
rf heated system possessing a graphite susceptor on which the two different 
silicon substrates were placed side by side. The desired doping was obtained 
by injecting the required amount of В L or PH,. The silicon films were 
grown at a rate of 1.2 - 1.5 /um/min to an approximate thickness of 60 um 
at a temperature of I5OO K. The average diameter of the grains in the poly­
crystalline material was roughly 5 /<m. 
The films were first measured using the Van der Pauw technique (Cf. 
Section 3.3,1.3). For the polycrystalline material, the silicon nitride 
provided isolation from the substrate, and for the epitaxial material the 
substrate had been chosen such that a p-η junction provided isolation. 
After the resistivity measurements, the polycrystalline samples were 
again inserted into the reactor, and an additional 300 μτα of silicon, of 
the same conductivity type as the original films, was deposited on top of 
the original films. After this, the monocrystalline substrate and its 
silicon nitride layer were removed by chemical and mechanical methods, 
respectively, and contacts were soldered to the back of the sample. For 
the monocrystalline epitaxial layers, contacts were soldered directly to 
the back of the monocrystalline substrates. The p-η junction at the 
substrate-epilayer interfaces were forward biased during the measurements, 
and hence had no significant effect upon the results. 
Preparation of the samples in this manner was necessary for two 
reasons. A mercury probe was used to form the diodes for the C-V measure­
ments. The particular probe which was used required the ohmic contact to 
be made to the side of the sample opposite to that to which the mercury 
contact was made (Fig. 3-16). Furthermore, the grain growth in the poly-
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SCHOTTKY 
BARRIER 
OHMIC 
CONTACT 
Fig. 3.1 6. Configuration for the C-V measurements. The dotted line 
indicates the part of the polysilicon layer in which the dopant 
concentration is determined. 
crystalline material was predominantly normal to the surface; therefore, 
forming the ohmic contact directly opposite the Schottky barrier prevented 
grain boudaries from interfering wi>h the capacitance measurement. This 
interference could become significant if many grain boundaries, each 
surrounded by a depleted region, were in series with the capacitar.ee of 
the diode space charge region. 
The mercury contact was formed with a 0.9 mm diameter probe, and the 
C-V measurements were made using a 1 Mllz capacitance meter possessing a 
phase-sensitive detector. Over the entire ran^e of measurements, which 
extended up to several volts for the highly doped samples and up to 
approximately 25 volts for the lightly doped samples, the reverse leakage 
_2 
was consistently within several hundred microamps. Plots of С vs. V 
showed linear behaviour for every sample over the measured voltage range 
(Pig. 3.17). 
The relationship between dopant concentration and capacitance can 
be deduced from the expression for the depletion width at a Schottky 
12) barrier under an applied voltage V : 
where V, . is the built-in potential of the metal-semiconductor contact. 
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The space charge Q per unit area is given by 
у = [2<<
s
V vbi - v - ?>] Q s c = qN DW = 
and the capacitance С per unit area can be expressed as 
c
 - ν -
Г i f s N 3 1 
_
2<vbi - v - f>. 
equation can be rewri t ten a 
r
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"RVT - q*
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ND 
N __L_ . Hv) 
D
 *<s d(C-2) 
(49) 
(50) 
(51) 
3.3.1.2. CARBIER CONCENTRATION MEASUREMENTS 
The concentration of mobile carriers can in general be measured by 
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means of the Hall effect. Por these measurements clover-shaped samples 
were used in order to eliminate the influence of the contacts as much as 
possible. The dimensions of the samples were θ χ θ mm with 2 mm sawcut 
incisions and a silicon layer thickness ranging from JO tot 100 /ш. The 
preparation of the silicon layers was described m Chapter 2 and Section 
3.3.1.1. The samples grown on Ξι,Ν -coated silicon could be measured 
without removing the substrate, since the silicon nitude layer provided 
a good electrical isolation. For the silicon layers grown onto graphite 
and tin-coated graphite however, the conducting graphite substrate had to 
be removed. This was done by oxidation of the graphite in a furnace in a 
A% Η /99% 0 gas mixture at 800°C. The SiO formed on the silicon layer 
during this process was removed by treating with hydrogen fluoride. The 
electrical contacts were made on the corners of the clover-shaped samples 
by soldering As-doped indium i or η-type films and Ga-doped írdium in the 
p-type case, after filing the contact sites. The contacts were annealed 
at ЗбО С in argon for 1 hr, and they always showed an ohmic behaviour. 
The electrical connections with the measuring circuit of the sample holder 
were made using silver wires and silver paint. 
During the Hall measurements, the sample was located on a heat 
conducting and electrically isolating sapphire disc, making an angle of 
45 with the magnetic field vector in order to enable simultaneous 
application of illumination and magnetic induction. As a light source a 
о 
quartz lamp was used which provided a 100 nWatt/cir illumination via a 
sapphire window in the cryostate. The Hall effect could be measured as a 
function of temperature, using a resistance heater for the temper ι ture 
range from 3OO К to 4OO K, and helium cooling in the temperature range 
from ВО К to 3ОО K. The supply current amounted from 4 ¿Ά for high-
resistance samples to 10 mA for low-resistance samples. During all 
measurements a check was made to see if the Hall voltage showed a linear 
relationship with the supply current. The magnetic induction amounted to 
75OO Gs. 
In Fig. 3·16 the measurement configuration is shown. Here the supply 
current I generates an electric field along the x-axis, and a magnetic 
—» —* 
field В is applied along the z-axis. The resulting Lorentz force F. causes 
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Pig. 3.18. Configuration for the Hall measurements. 
an electric field in the y direction due to the piling up of carriers, 
for instance holes, near contact 4· Since no current flows along the 
y-axis under equilibrium conditions, this field is balanced by a Hall 
electric field E„ in the y direction. In equilibrium 
i\\ = *ν (52) 
where ν is the velocity of carriers in the χ direction, given by 
ν = r r 
χ qpat 
(53) 
Here г is the Hall scattering coefficient due to phonon and ionized 
impurity scattering, ρ is the carrier concentration (in the p-type case), 
a is the separation of the supply current contacts and t is the thickness 
of the silicon layer. The Hall field is measured externally: 
E H y = H/ a (54) 
This gives with Eqs. 52 and 53 
Η 
BI 
qpt (55) 
From the Hall voltage the carrier concentration ρ can be determined. 
However, due to the asymmetry of the sample, the measured voltage over 
contacts 2 and 4 is not equal to the Hall voltage in Eq. 55« By reversing 
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the direction of the magnetic field, this asymmetry voltage V can be 
eliminated by taking the average value. Also the current can be reversed, 
giving _, as an average of four measurements. 
η 
The Hall coefficient can be defined as 
*n = è < V (56) 
The Hall mobility is defined as 
(57) 'Н=Ы' 
where a is the conductivity measured according to the Van der Pauw 
measurement. 
The interpretation of the Hall effect data is complicated by the 
inhomogeneity of the polycrystalline material. Concerning the Hall 
coefficient,two cases can be discerned. 
(i) If the diffusion barriers at the grain boundaries are low, the conduc­
tion in the film is ohmic, and since there are no great differences in 
resistivity, the sample can be considered as a homogeneous silicon layer. 
In that case, the Hall coefficient is related to the number of mobile 
carriers given by Eq. 42 or Eq. 44. Thus (for p-type material): 
qp 
Since the measured conductivity is approximately equal to the bulk 
conductivity the Hall mobility is related to the bulk drift mobility 
according to 
"H = r ? P
 ( 5 9 ) 
(ii) If the diffusion barriers are high, the thermionic emission of carriers 
prevails. As the Hall effect is always measured without any current flowing 
through the Hall contacts, there is no voltage drop across the barriers. 
The Hall voltage is simply obtained as a series connection of the individual 
Hall voltages generated in each grain. Again, the Hall coefficient is 
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directly related to the average concentration of mobile carriers that 
are present in the crystallites, as was shown by the detailed analyses 
by Petritz ' and by Jerhot and Snejdar .An effective mobility 
can be defined using Eq. 47 : 
μ 
ρ 
(60) 
qp 
Since ρ is determined by R,,, the Hall mobility is a direct measure of 
ι 
Ρ 
, " > • 
μ
Ε
 = τμζ = rdq ^  (2тп£кТ)^ехр (- ^ ) (61 ) 
The Hall scattering coefficient г of polycrystalline samples is given by 
the Hall scattering coefficient of the material of the grains . The 
intergrain barriers only influence the value of the nobility determined by 
means of the Hall effect, and not the real scattering coefficient that 
results from the solution of the Boltzmann kinetic equation . Thus, the 
low value of the Hall mobility in polycrystalline silicon is due to the 
low value of a,, in Eq. 60. 
16) 
In a model for polycrystalline conductors proposed by Volger , it 
was deduced that the Hall coefficient measured by way of the Hall effect 
differs slightly from the Hall coefficient of the crystallites; this 
analysis is only valid however, if the material consists of highly and 
poorly conducting domains in which no space charge region exists and in 
which ohmic transport prevails . Since in the present case there are 
either no large resistivity differences or else the conduction proceeds 
via thermionic emission, Volger's model is probably not applicable here. 
It is concluded that the Hall measurements give correct data with 
relation to the average carrier density, and that the Hall mobility should 
be interpreted according to either Eq. 59 or Eq. 61 . 
5.5.1.5. CONDUCTIVITY MEASUREMENTS 
The conductivity of the polycrystalline silicon layers was determined 
17) by means of Van der Pauw measurements . For these measurements, the 
same samples and the same measuring equipment were used as for the Hall 
measurements (Section 5-5.1.2). Two of the four possible measuring 
15? 
Fig. 3·19- Two of the four possible configurations for Van der 
Pauw measurements. 
configurations are shown in Pig. 3·19- The resistivity was determined 
17) 
according to the equation 
'=іп
 ( В і 2
'
5
С
2 М 1
Ч г ^ ) «*> 
¿ *п23,4і/ 
with R 1 2 i 5 4 = (V4 - V5)/I and R 2 3 ( 4 1 = (v., - V^/l, and where 
V H12,34 + 23,41' 2 V H12,34 + 23,41/ L 4 1 2 J 
The resistivity was determined as the average value deduced from eight 
potential difference measurements (by using four measuring configurations 
and reversing the current polarity after each set of measurements). The 
conductivities that were measured ranged from 10 to 10 (fieni) 
1';í 
5.5.2. RESULTS АИД DISCUSSION 
lai 
5.5.2.1. CARRIER TRAPPING OE DOPANT SEGREGATION ? ; 
In Section 3·1 two different models were mentioned that give a 
possible explanation for the high resistivity of polycrystalline silicon 
layers that have a low dopant concentration. In the impurity segregation 
model the high resistivity is ascribed to the loss of dopant atoms by 
segregation at the grain boundaries, rendering these atoms electrically 
inactive; in the carrier trapping model the high resistivity is caused by 
the loss of mobile carriers in interface trapping states, and diffusion 
barriers at grain boundaries that hamper electrical transport from one 
crystallite to another (Cf. Fig. 3.1 )· 
Conductivity measurements cannot be used to discriminate between the 
two models; in fact, most of the data on which these models are based have 
been taken from conductivity measurements. Hall measurements, on the other 
hand, possess the potential of indicating the presence or the absence of 
segregation, but the available data are inconclusive. Host Hall 
5 6) 
measurements have been performed on small-grain material , for which 
both models predict carrier depletion within the grains even up to 
relatively high doping levels; one reported measurement on silicon layers 
consisting of larger grains indicated some segregation, but not enough to 
account for the change in resistivity . Moreover, if segregation of 
impurity at the grain boundaries occurs, a correct interpretation of the 
Hall measurement will be rather complicated. 
In view of these difficulties, the capacitance-voltage technique was 
used for measurements of the ionized dopant concentrations in poly­
crystalline and monocrystalline silicon layers that were grown 
simultaneously subject to the same conditions (Cf. Section 3·3·1·1). 
The dopant concentration in both the polycrystalline and mono-
crystalline films was obtained from the C-V measurements according to the 
equation 
N 2 dV 
^ s ' de"2 
(63) 
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determined by way of the C-V technique. • phosphorus doping; · boron 
doping. Insert shows enhanced resistivity of polycrystalline material. 
where Ы is the net concentration of ionized dopant N. - N„ , e is the 
| A D| s 
permittivity of silicon, С is the capacitance per unit area, and V is the 
applied voltage. Comparison of the doping in polycrystalline material with 
that in monocrystalline material grown under the same conditions yielded 
the curve shown in Fig. 3·20. The correlation between the two types of 
material is apparent; the dopant concentration in polycrystalline silicon 
is the same as in similarly grown monocrystalline silicon. 
The manner in which the data of Fig. 3.20 are treated is slightly 
dependent upon the basic assumptions concerning the polycrystalline 
silicon. If any dopant which may be segregated at the grain boundaries is 
5) 
assumed to be electrically inactive , and thus incapable of being ionized, 
then the results of Fig. 3.20 clearly refute the role of segregation in the 
resistivity enhancement of polycrystalline silicon. If, however, the 
segregated dopant is capable of being ionized, a more detailed analysis is 
required to show that not only is the average dopant concentration the same 155 
in the polycrystalline material as in the monocrystalline material, but, in 
addition to this, the uniformity of the dopant distribution is the same for 
the two types of material. 
4) 5) 
Kamins ' and Cowher and Sedgwick investigated polycrystalline 
silicon which was grown via chemical vapour deposition, and which was doped 
during growth with arsenic and phosphorus, respectively. They found, using 
neutron activation analysis, that the same number of dopant atoms is 
present in polycrystalline silicon as in similarly grown monocrystalline 
silicon. Likewise, in the work of Seto , who used polycrystalline silicon 
into which boron had been implanted, the total amount of dopant in the 
polycrystalline material was the same as that in the monocrystalline 
material to which it was compared. 
This equality of the total dopant levels between polycrystalline and 
monocrystalline silicon, which is assumed to be valid in the present 
investigation, can be written as 
ί N (x.y)dxdy = N A (64) 
À 
where N (x,y) is the dopant concentration at a point (x,y) in the plane of 
the polycrystalline film, N is the dopant concentration in the mono-
crystalline film, and A is the area of integration, which is assumed to 
cover many grains. In view of the columnar nature of the grains, which were 
found to grow normal to the surface, N (x,y) is considered to be independent 
of depth. The capacitance per unit area is related to the doping by 
Cp(x.y) = /5Np(x,y) (65a) 
(Cf. Eq. 50), or 
C2 = /Ш (65b) 
m
 r
 m \ •> 1 
where /$ depends only upon the material properties and the applied reverse 
bias. In this investigation, the capacitance of a polycrystalline sample 
was found to be equal to that of the corresponding monocrystalline sample 
(Fig. З.20); this equality can be written as 
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I С (x,y)dxdy = C
m
A (66) 
A 
In the area of integration, i.e. over the area of the mercury-silicon 
Schottky barrier, С (χ,у) can be written as 
Cp(x,y) = C m + 4C(x,y) (67) 
where, in view of Eq. 66i 
I 4C(x,y)dxdy = 0 (68) 
A 
Using Eqs. 65 and 67, Eq. 64 can be rewritten as 
I (C
m
 + 4C(x,y))2dxdy = C
m
A (69) 
A 
In view of Eq. 68, this becomes 
I (aC(x,y))2dxdy = 0 (70) 
which can only be satisfied if 4C(x,y) is everywhere equal to zero. This is 
equivalent to stating that С (x,y), 
throughout the polycrystalline film. 
and therefore N (x,y), axe unvarying 
This investigation has shown, therefore, that neither phosphorus nor 
boron become segregated in polycrystalline films grown by chemical vapour 
deposition with simultaneous doping. In conjunction with other 
5 7) investigations , which have used neutron activation analysis, these 
results indicate that both the amount and the distribution of the dopant in 
polycrystalline silicon is identical to that in similarly grown mono-
crystalline silicon. This implies that enhanced resistivity, seen in this 
investigation as well as in others, cannot be attributed to dopant 
segregation. 
5.5.2.2. COMPARISON OF EXPERIMENTAL RESULTS WITH THEORY 
In order to test the theoretical description of the electrical 
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properties of polycrystalline silicon layers that was developed in Section 
3.2, a series of samples was prepared and the electrical characteristics 
were determined. 
Polycrystalline silicon was deposited onto Si,N.-coated Si slices and 
was doped during growth, for different diborane partial pressures. The 
acceptor concentrations of these films were determined using the C-V method, 
the conductivity wa3 determined using the Van der Pauw technique, and the 
hole mobility and concentration was derived from the Hall measurements. The 
results are given in Table 3.1. 
T A B L E 3 . 1 . 
Electrical characteristics of polycrystalline silicon layers 
N A (cm
-3) 
9.8 χ 10 1 5 
2.4 x 10 1 6 
17 
2.3 x 10 ' 
2.3 x 10 1 8 
2.4 χ 10 1 9 
σ (Ocm)-
4.37 χ Ю - 3 
2.29 x Ю - 2 
9.77 χ ю - 1 
1.55 χ 101 
1.41 χ 102 
ρ (cm- ) 
9.2 χ 10 1 4 
3.0 χ 10 1 6 
17 1.5 χ 10 " 
1.2 χ 10 1 8 
2.2 χ 10 1 9 
μ (cm /Vs) 
33.1 
4.6 
41.7 
81.3 
39.8 
As was anticipated, the conductivity drops to very low values for low 
doping, and tends to a linear relationship with the acceptor concentration 
for heavy doping (Fig. 3-21). The hole concentration is proportional to the 
acceptor concentration for N > 10 cm (Fig. 3-22). Below this value, 
the measured hole concentration is significantly smaller than the acceptor 
concentration. The hole mobility shows a minimum value as a function of the 
acceptor concentration (Fig. 3-23). This last observation supplies evidence 
for the occurrence of thermionic emission, i.e. charge transport over 
grain boundary diffusion barriers. This is in agreement with the observation 
that for N > 10 cm the hole concentration is roughly equal to the 
acceptor concentration, whereas in the same regime the conductivity is 
smaller than that of monocrystallme silicon havirg a comparable doping 
level (Cf. Section 3.3.2.3 and the insert of Fig. 3·2θ). 
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Fig. 3.21. Experimental and 
theoretical (solid line) 
conductivity σ of polysilicon 
layers as a function of the 
acceptor concentration N . 
Fig. 3.22. Experimental and 
theoretical (solid line) free hole 
concentration ρ in polysilicon 
layers as a function of the 
acceptor concentration N.. 
An attempt was made to find a mathematical expression for the observed 
behaviour. Eqs. 42 and 44 were used for ρ as a function of N ; Eq. 37 in 
conjunction with Eqs. 31, 42, and 44 gives a as a function of N ; and Eqs. 
46 and 47 give μ as a function of N.. The interface state density N and 
A is 
the average grain size d were used as parameters. The solid lines in Figs. 
3.21, 3.22, and 3.23 represent the functions of these equations for 
d = 3 χ 10~5 cm and N. = 2.7 χ 10 1 2 (eV)"1cm~2. 
is ч ' 
According to these values, the critical acceptor concentration N * is J6 -3 1.3 x 10 cm for this series of samples. This implies that for the 
sample with 9·θ χ 10 cm"5 boron doping (Table 3.1 ), ρ « Ν , which is 
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Fig. З.23. Experimental and theoretical (solid line) Hall mobility 
μ in polysilicon layers as a function of the acceptor concentration N, 
indeed confirmed by the Hall measurements. Consequently, a relatively high 
Hall mobility is found for this sample. 
Concerning the parameter values, the following can be remarked: 
1 ? —1 —? 
- The calculated interface state density N = 2.7 χ 10 (eV) cm" is 
12 
equivalent to a trap state density per unit area amounting to 3·0 χ 10 
cm . This is comparable to the value reported by Seto (З.З x 10 cm ) 
for CVB-grown p-type polycrystalline silicon films, and the value reported 
by Baccarani et al ?;(3.θ χ 10 cm- ) for sputter deposited n-type 
polycrystalline silicon films. This is also approximately equal to the 
surface state density of monocrystalline silicon, indicating that a grain 
boundary in polycrystalline silicon can be compared with two silicon 
surfaces in contact 
- The calculated grain size d = 0.3 ^m is about one order of magnitude 
smaller than the micrographs suggest. An explanation for this discrepancy 
may be that the larger grains are surrounded by small-grain material that 
is responsible for a high amount of trapping states per unit volume. Also, 
the estimation of the grain size is largely based upon the experimental 
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mobility of the lowest-doped sample (See Figs. 3.23 and 3-15)· The choice 
of a larger grain size would imply a larger interface state density. 
The theoretical calculations were executed under the assumption that 
the interface states are distributed homogeneously and continuously over 
the band gap. Any deviation of this homogeneity in actual material will 
cause a shift in the theoretical curves, and might explain the 
discrepancies between the theoretical predictions and the experimental 
results. The correspondence between theory and experiment can be inferred 
from Pigs. 3.21-23) and suggests that, at least qualitatively, the carrier 
trapping model gives a good description of the observed electrical 
behaviour. 
5.3.2.3. INFLUENCE OF GRAIN SIZE ON ELECTRICAL PROPERTIES 
During the past decade, series of (usually small-grained) doped poly-
1-8) 
crystalline silicon films have been the subject of various studies . 
Notwithstanding the fact that the results of these investigations cover a 
variety of average grain sizes (though the grain size was not always 
reported), in none of these studies the electrical properties of poly-
crystalline silicon layers that differ only as far as the grain size is 
concerned were compared. The technique of chemical vapour deposition on a 
liquid metal layer, as described in chapters 1 and 2, made it possible to 
increase the grain size without changing the gas phase composition or the 
substrate temperature. In this way it was possible to grow layers with 
different average grain sizes subjected to the same conditions, and to 
make a direct comparison of their electrical and crystallographic 
parameters. 
The following series of samples were prepared as a function of 
acceptor concentration: 
(l) Epilayers on monocrystalline silicon slices. 
(n) Medium-grain polycrys tal line Si layers on Si_N.-coated slices. 
(in) Medium-grain polycrystalline Si layers on graphite plates. 
(IV) Large-grain polycrystalline Si layers on Sn-coated graphite plates. 
In Pig. 3.24 a survey is given of the substrates and the resulting silicon 
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Pig. 3.24. Polycrystalline silicon layers to be used for 
electrical characterization. 
a) Survey of various substrates and resulting silicon layers. 
b) Comparison of the grain sizes of polysilicon layers (thickness 30 
urn) deposited onto different substrates (optical micrographs). 
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N A (cm-
3) 
Pig. З.25. Experimental conauctivity a as a function of the 
acceptor concentration Ν , for silicon layers deposited onto 
different substrates. 
layers. In Fig. 3.24b, micrographs are reproduced that represent the as-
grown surfaces of the layers grown onto Si К., С, and Sn/C respectively. 
This demonstrates that the average grain size of the layers grown on 
silicon nitride and on graphite is approximately equal, whereas the average 
grain size of the layers grown on tin-coated graphite is about one order 
of magnitude larger for this series. 
The conductivity of these layers as a function of the incorporated 
dopant concentration is depicted in Fig. 3-25 for different substrates. It 
appears that: 
- Si,N.- and C-grown layers show the same conductivity behaviour. 
- For a certain amount of doping, the conductivity of a silicon layer grown 
onto tin-coated graphite is larger than that of a layer deposited on a 
solid non-silicon surface. Also, for low doping, the conductivity of these 
layers is smaller than that of comparable epilayers. 
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T A B L E 3 . 2 . 
Electrical characteristics of polycrystalline silicon layers deposited 
onto graphite and tin-coated graphite substrates. 
NA (cm - 5 ) 
2.θ χ 1 0 1 6 
5.9 χ 1 0 1 6 
1.5 χ i o 1 7 
17 
3.9 χ 10 ' 
1.3 χ ю 1 
3.6 χ 1 0 1 θ 
Graphite subí 
σ (ficm) 
2.92 χ 10~2 
1.16 χ Ю - 1 
7.25 χ ю - 1 
3.5s χ 10o 
I.90 χ 101 
4.20 χ 101 
î t r a t e 
μ (cm 
6.6 
12.3 
29.2 
57-5 
88.0 
72.2 
2/Vs) 
Tin-coated 
a (ßcm) 
2.46 χ Ю - 1 
7.14 χ ю - 1 
3.6Ο χ 10° 
1.01 χ 101 
3.27 χ 101 
7.09 χ 101 
graphite substrate 
μ (cm /Vs) 
55.8 
75.7 
145. 
163. 
151. 
122. 
If these results are compared with the morphologies of the grown 
layers (Fig. 3.24b) it becomes evident that for a given dopant concentration 
the conductivity is dependent upon the average grain size. The fact that 
the conductivity of polycrystalline silicon is lower than the conductivity 
of epilayers has to be ascribed to a decrease of either the effective 
mobility or the free carrier concentration (Cf. Eq. 60). The doping of the 
polycrystalline layers proceeds analogous to the doping of epilayers, and 
the concentration of ionized acceptors is equal for simultaneously grown 
poly- and epilayers (Cf. Section 3·3·2.1). Thus, a decrease of the hole 
concentration, as might be measured by means of the Hall effect, could be 
accounted for if there is a significant mechanism for the loss of mobile 
holes. 
However, Hall measurements indicated that the hole concentration was 
equal to the acceptor concentration for the samples considered here} which 
implies that for the regime N, > 10 cm the reduced conductivity is 
caused by a reduced effective mobility. Table 3.2 gives the conductivities 
and mobilities for layers that were grown simultaneously on graphite and 
on tin-coated graphite, respectively. It shows that for layers that were 
grown and doped under similar conditions, and accordingly have the same 
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Fig. 3.26 · Experimental Hall mobility μ as a function of the acceptor 
concentration N,, for silicon layers deposited onto different 
substrates. 
dopant concentration, the effective Hall mobility is determined by the 
substrate. However, as the effective mobility found for layers grown onto 
Si-Η, is equal to the mobility for layers grown onto graphite substrates 
3 4 
(Fig. 3.26), it is evident that not the specific properties of the substrate, 
but solely the grain size of the silicon film determines the effective 
Hall mobility for a certain acceptor concentration. This is in agreement 
with the assumption that the lower mobility of carriers in polycrystalline 
silicon is caused by the existence of diffusion barriers (Section 3·2). 
From Fig 3.26 it can be inferred that in the doping range 3 x 10 cm < 
N. < 10 'cm , the conductivity is virtually completely determined by 
thermionic emission. In that case, according to Eq. 47s 
"H~ d Ci е х*(-кт) (71) 
where C. is a constant that depends only upon physical constants, and EL 
is the diffusion barrier height, determined by the acceptor concentration 
N, and the interface state density N. (Cf. Eq. 22). If it is assumed 
A is 
that N. is equal for layers grown on graphite and layers grown on tin-
165 
Ρ t o 2 0 
(cm"3) 
10« 
1 0 i e h 
101' 
10' 
101 = 
io 1 4 
ю
1 3 
,16 -
io ,12 _ 
I I I " 
о Thrs work 
A Kamins 
— o Seto 
ν Cowher and J 
Sedgwick /7 4 
"" // F 
1 1 / 
f 
-
АY* / 
Ov 4 1 
— s/ */ A 
~ Αι ι 
' / 
о/ 
/ 
/ / I 
/a 
-Τ 1 1 
-
— 
-
-
1 1 
io'9 ю 2 0 
N A (cm"3) 
Fig. З.27. Comparison of reported experimental data on the hole 
concentration ρ as a function of the acceptor concentration N fc 
p-type polycrystalline silicon layers (Refs. 4«5»6). 
coated graphite, then for a constant acceptor concentration, it can be 
inferred that for different samples, the ratio of their average grain 
sizes is equal to the ratio of their mobilities: 
(polySi on Sn/C) 
d(polySi on C) 
^HfpolySi on Sn/C) 
^HCpolySi on C) (72) 
The ratio of grain sizes was estimated one order of magnitude (See Fig. 
3.24b), and this is equal to the ratio of effective mobilities at about 
3 χ 10 cm doping. For higher doping, the mobility for the Sn/C-silicon 
films is limited by crystal bulk properties, and hence the ratio of 
mobilities will decrease. Then, Kq. 71 is no longer applicable. Thus, 
according to these observations, the influence of the grain size on the 
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Fig. 3.28. Comparison of reported experimental data on the Hall 
mobility μ as a function of the acceptor concentration N for p-type 
polycrystalline silicon layers (Refs. 4»516). 
mobility is in agreement with the theory of diffusion barriers. 
In order to determine whether this model has a more general validity, 
the present results can be compared with other reported Hall data. The 
hole concentration vs. acceptor concentration curves for several series 
of Hall measurements are depicted in Fig. 3·?7· According to the concept 
of carrier trapping, the steepest part of the curves indicates the point 
where H. = N., which typically coincides with the maximum diffusion 
barrier height (Cf. Section 3.2.2.2). Then, according to Eq.47, the 
mobility attains its minimum value. This is in agreement with the reported 
mobility data, shown in Fig. 3.28. (An anomaly is the very rapid decrease 
of ρ with decreasing H, found by Cowher and Sedgwick; this was accounted 
for by the authors by the assumption of the segregation of boron atoms 
According to the expression for the critical acceptor concentration N 
(Eq. 29) the value of N * increases as d decreases. If it is assumed that 
4 
there are no large variations in Ы. , this behaviour is reflected in a 
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T A B L E 3 . 3 . 
The average grain size d and the critical acceptor concentration H *. 
Reference 
This work 
This work 
4) 
Kamins 
Cowher and 
Sedgwick -'•' 
Seto 6 ) 
Sample 
fabrication 
Reduction of 
SiHCl, at 
1223°C 
Reduction of 
SiHCl at 
12?3°C 
Thermal 
decomposition 
of SiH. at 
4 
1035 С 
Thermal 
decomposition 
of SiH. at 
„ 4 650°c 
Thermal 
decomposition 
of SiH. at 
4 
é50°C 
Substrate 
Tin-coated 
graphite 
Sl3N4 -
coated Si; 
graphite 
SiO„-coated 
Si slices 
SiO„-coated 
Si slices 
SiO„-coated 
Si slices 
Average 
grain size 
>10 /ІШ 
0.1 < d <10 
μΐη 
< 0.5 /im 
1000 X 
200 % 
N,· (cm"5) 
A 
< 1 0 1 6 
1.3 χ 1 0 1 6 
< 1 0 1 7 
17 2 χ 10 ' 
1.7 χ io 1 8 
comparison of the reported data (Table 3-3)· The results show a clear 
correlation between the grain size and the dopant concentration that gives 
a minimum in the carrier mobility. This supplies strong evidence that the 
gram boundaries constitute diffusion barriers. 
3.3.2.4. TEMPERATURE IIEPENDENCE OF THE CONDUCTIVITY 
The behaviour of the conductivity as a function of temperature provides 
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Fig. 3.?9· Experimentally found temperature dependence of the 
conductivity of p-type polycrystalline silicon layers for various 
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information about the conductivity mechanisms and the regimes where a 
certain mechanism is dominant. The results of Van aer Pauw measurements as 
a function of the reciprocal temperature are plotted in Fig. 3.?9 for poly-
silicon layers grown on silicon nitride coated substrates (for all these 
measurements N > N ); the measurements were carried out for several 
acceptor concentrations. The following observations were made. 
(i) For high acceptor concentrations, the conduction process appeared not 
to be thermally activated. The activation energy increased with decreasing 
dopant concentration. 
(ii) At high temperatures, the conductivity approaches that of mono-
— 
-
Г ' 
ι 
1 ' ! -τ- -ι г 
NA= 2 4 « 1 0
1 9 c n f 3 
NA= 2 3 i l 0
1 8 c m " 3 
-
--о,, NA= 2 3 110
17
 cm-3 _ 
Χ NA = 2 4 ι 10
16
 cm"3 
I . I . I . 
169 
(ncm)"1 _ 
1/kT (eV)"1 
Fig. З.ЗО. Experimentally found temperature dependence of the 
conductivity of η-type polycrystalline silicon layers for various 
values of the donor concentration N_. 
crystalline silicon. 
These results can be explained as follows. Since for high dopant 
concentrations the diffusion barriers are low, the conductivity is limited 
by the bulk resistivity (no additional temperature effect is to be 
expected, since there is no freezing-out of carriers in this temperature 
range). If the conductivity is solely determined by the bulk mobility, 
—? 7 
then a increases slightly with decreasing temperature (μ(:) Τ ' ,Ref. 10, 
p. 39). If the dopant concentration is lowered, the barrier height 
increases (Cf. Eq. 22 and Fig. 3-5) and, consequently, the activation 
energy increases (Cf. 34b and Fig. 3-Ю). Due to the thermal activation, 
the conductivity increases with increasing temperature. Eventually, the 
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Pig. 3.31 Experimentally found temperature dependence of the conducti­
vity of η-type polycrystalline silicon layers. Curve a represents a 
large-grained silicon layer deposited on tin-coated graphite. Curve Ъ 
represents a medium-grained silicon layer deposited on tin-coated 
graphite. 
monocrystalline conductivity value is approached, and the trnlk properties 
will determine the conduction mechanism rather than the grain boundaries. 
This results in a lower activation energy at high temperatures. 
A thermally activated conduction process was also found for low-doped 
η-type polysilicon layers (Fig. З.ЗО). Layers grown onto silicon nitride 
and layers grown onto graphite gave similar results. 
If the average grain size was increased, the film conductivity approached 
the bulk conductivity. Accordingly, the activation energy decreased with 
increasing grain size. Fig. 3.31 shows the Arrhenius plots for the 
conductivity for two films grown onto Sn/C substrates. For very large 
grains (Curve a) the conductivity is high and not thermally activated. If 
the average grain size is decreased (Curve b for an inhomogeneous layer) 
the conductivity is lower, and exhibits a stronger temperature dependence. 
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At temperatures below room temperature, a lower activation energy 
for the conductivity was found than would be expected according to the 
concept of a thermionic emission controlled current (See, for example, 
Fig. З.31, curve b). This is consistent with conductivity data that were 
ρ pfì ΟΙ λ 
reported by other workers * ' , who found a high activation energy at 
high temperatures, and a low activation energy at low temperatures. 
20) 
Hirose suggests that the low-temperature conductivity can be explained 
in terms of a hopping conduction through deep traps near the Fermi level, 
resembling the electrical transport in amorphous silicon. The hopping 
conduction and the thermionic diffusion conduction can then be thought 
of as parallel current paths. In that case the hopping conduction will 
be the dominant mechanism if the thermionic diffusion current is low, 
which is indeed to be expected at low temperatures. Moreover, a homogeneous 
distribution of interface states over the band gap will enhance the hopping 
conduction. However, this type of electrical transport in polycrystalline 
silicon has hardly been studied, and more theoretical and experimental 
investigations would be needed to lift the knowledge on this subject above 
a speculative level. 
The activation energy found by measurement of the slope of the In о 
vs. 1/kT curve can only be interpreted as the potential barrier height 
if the latter quantity is independent of temperature. This condition is 
not fulfilled in view of the temperature dependence of the Fermi level 
position (Cf, Eqs. 32 and 34b): If the temperature increases, the Fermi 
level moves to the center of the band gap. As it moves, it sweeps through 
the energy levels of the interface states located at the grain boundaries, 
and their occupation is decreased. Since the occupation of the interface 
states determines the height of the potential barrier, a change of this 
occupation as a function of temperature gives rise to a corresponding 
change in the barrier height as a function of temperature. Hence, with 
increasing temperature, the barrier height decreases. The barrier height 
can be expressed as (Cf. Eq.32): 
4 = W - kT>'(Na> (73) 
Here E__(N ) and F( N « ) a r e determined by the dopant concentration, but are 
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Fig. 3.32. Temperature dependence of the barrier height E_ for 
several dopant concentrations. 
independent of temperature. Since the activation energy Ε
σ
 is independent 
of temperature (Cf. Eq. 34b and Section 3.3.2.5. ), the temperature-
independent part of the potential barrier height is equal to the activation 
energy. 
Etf- ^ 0 (74) 
Thus, the experimentally determined activation energy for the conductivity 
is equal to the barrier height at zero temperature. If N. > И , and the 
width of the space charge regions can be neglected in proportion to the 
bulk regions, then a polycrystalline silicon layer can be thought of as a 
system of monocrystalline domains separated by potential barriers. The 
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Activation energy and barrier height at Τ = 298 К for polycrystalline 
silicon layers. 
Substrate Type N D (cm
 3 ) Ε
σ
 (eV) Eg (eV) 
S i3 N4 
S i3 N4 
S i3 K4 
S i3 N4 
С 
Sn/C 
Sn/C 
Ρ 
Ρ 
Ρ 
Ρ 
η 
η 
η 
19 2.4 χ 10 y 
2.3 χ 10 1 θ 
2.3 χ 10 1 7 
2.4 χ 10 1 6 
3.2 χ 10 1 5 
3.3 χ 10 1 6 
1.8 χ 10 
0.000 
0.008 
0.063 
0.197 
0.346 
0.072 
0.000 
— 
— 
0.048 
0.Ю4 
0.201 
0.063 
effective conductivity of a crystal layer can be expressed as 
" = *oex4ê) (75) 
The preexponential term σ can in this case be approximated by the 
conductivity of monocrystalline silicon. From Eq. 75 the barrier height 
can be determined. The temperature dependence of the barrier height for 
the samples that exhibited a thermally activated conduction is given in 
Fig. З.З2. The intercept at Τ = 0 К yields the activation energy that can 
be determined from the Arrhenius curves. This clearly shows that the 
barrier height decreases with increasing temperature. A survey of some 
measured activation energies and barrier heights is given in table 3-4· 
3.3.2.5. THE DISTRIBUTION OF INTERFACE STATES 
In the preceding paragraphs it was assumed that a grain boundary is 
characterized by the presence of interface states that are distributed 
continuously and homogeneously over the band gap. These states are able to 
capture electrons and holes. Various other descriptions of the distribution 
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of trapping states as a function of energy have been proposed, and there 
is as yet no agreement on this point. An anthology of these models may 
include the following alternative possibilities: 
- Electrons and holes are captured by different traps. The hole trapping 
states are situated 0.37 eV above the valence band edge , and the 
electron trapping level is located at the same distance from the conduction 
22) band edge '. 
- The electrical properties are governed by the presence of tailing states 
near the conduction and the valence band edge, as well as by the presence 
of deep levels (due to incorporated defects) in the band gap 
- The states are located near mid-gap with exponentially decreasing 
21) densities towards the band edges 
- Electrons and holes are captured by a 'larrow band of states located at 
•om i 
23) 
E 
G/3 above the valence band edge. This assumption arises fro the 
resemblance between grain boundaries and Schottky barriers 
- A ¿-shaped density of trapping states at mid-gap was assumed for the 
description of the electrical properties of phosphorus-doped polycrystalline 
19) silicon . 
Two of the aforesaid models, together with the model developed in this 
thesis, are illustrated in Fig. 3·33- The points of interest are (i) the 
distribution of the trap states, and (ii) the question whether holes and 
electrons are captured by different states. The relationship between the 
activation energy of the conductivity and the dopant concentration can be 
used to elucidate the implications of these models for the electrical 
behaviour (in the case that thermionic emission is the dominant conduction 
mechanism). 
(a). Different traps for holes and electrons. 
Por a low dopant concentration, the activation energy is equal to the 
separation between the electron trap level and the conduction band edge 
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Fig. З.ЗЗ. Comparison of models describing the band structure at 
a grain boundary. Theoretical plots of Ε
σ
 vs. Ν,,Ν (left), and 
corresponding energy band diagrams (right). 
for η-type polysilicon, or the separation between the hole trap level and 
the valence band edge for p-type polysilicon. The activation energy is 
constant until the traps are saturated; then it drops suddenly to the value 
of the barrier height, which decreases with increasing dopant concentration 
(this will be explained below). 
(b). A continuous distribution of interface states. 
The activation energy of the conductivity is here given Ъу Eq. 34b: 
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J) 
Pig. 3·34· Comparison of reported experimental data on the activation 
energy Ε
σ
 as a function of the acceptor concertration N for poly-
crystalline p-type silicon layers (Refs. 4«6). 
&c 
For low dopant concentrations Ε
σ
 = ¿Ε , and Ε
σ
 decreases with increasing 
dopant concentration in the same manner for n- and p-type material. For all 
temperatures and dopant concentrations, the activation energy Ε
σ
 is equal 
to the barrier height at Τ = О К. 
(с). A narrow band of states in the lower half of the bind gap. 
For low dopant concentrations, the Fermi level is pinned at the band 
of trapping states, which, at silicon surfaces is located at G/3 above the 
2E E 
valence band edge. Then, the activation energy is G/3 or G/3, dependent 
on whether the thermionic conduction proceeds via the transport of 
electrons or holes (these data have indeed been reported for Schottky 
barriers ). The activation energy remains constant until the trapping 
states are saturated with carriers; for high dopant concentrations, the 
activation energy is equal to the barrier height. 
The present investigations did not include the low doping range, but 
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the results fit qualitatively in the pattern of other reported data. 
Pig. 3·34 summarizes some of the results for p-type polycrystalline layers. 
These curves indicate that the activation energy for low-doped polysilicon 
is about half of the band gap energy. Por η-type polysilicon, it has also 
7 19 21 Ì been reported that for low-doped samples Ε
σ
 ~ §E_ . The fact that 
η-type polysilicon behaves analogous to p-type polysilicon indicates that 
there is not an asymmetric narrow band of trapping states (c). Furthermore, 
the fact that Ε
σ
 ~ ¿Ε„ for small N and N indicates that there are no 
different traps for electrons and holes located at different energy levels 
(a). However, the qualitative shapes of the Ε
σ
 vs. N curves is in 
agreement both with an energy-independent distribution of interface states 
and with the assumption of a narrow band located at mid-gap. This latter 
possibility deserves a more detailed treatment. 
If the interface of two grains is characterized by a narrow band of 
trapping states at iL, (with reference to the conduction band edge), and the 
number of states is N_ per unit area grain boundary, then the neutrality 
condition (for p-type polycrystalline silicon) can be formulated by 
equating the number of trapped holes to the amount of charge in the space 
charge region: 
qNT 
л
 , / E G - E T - Е д - д Ф . 
1 + è exp[ ^ *j 
= 2qNAW (76) 
Here, qiD = kT ln( V/U ) denotes the energy for holes in the crystal bulk, 
Ρ A 
and E_ is the barrier height. W is the depletion layer width, given by the 
solution of Poisson's equation as 
ι 
/ 2 i Е п \ г 
W = h H (77) 
An implicit expression for the barrier height can be derived: 
E B = E G - E T - q<Dp + kT l n f o N ^ ^ N ^ ) " * - i] (γβ) 
Рог low dopant concentration, the traps are unsaturated, and Eq. 79 can be 
approached by 
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Fig. 3.35- Calculated barrier height EL as a function of temperature 
Τ and acceptor concentration N, if the grain boundary is characterized 
by a narrow band of states located at E_ with respect to the 
conduction band edge. 
Eg = E G - ^ - дФ + kT ШКузг^ЕдГ*] (79a) 
Por high dopant concentration, the traps are saturated, and the barrier 
height is given by 
2 M
 2 
q N T 
s A 
(79b) 
For low doping the barrier height decreases with increasing temperature, 
and for high doping the barrier height is constant with temperature. This 
is illustrated in Fig. 3.35, where the temperature dependence of the 
barrier height is shown for E_ = E_ - 2 Ε
Γ
· If the trapping states are 
unsaturated (Eq. 79a), the activation energy for the conductivity is 
Έ
° -
 EC " ET (80a) 
If the trapping states are completely occupied (Eq. 79b), the activation 
energy for the conductivity is 
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Fig. З.З6. Calculated barrier height EL as a function of temperature 
Τ and acceptor concentration N if the grain boundary is characterized 
by a homogeneous continuous distribution of states over the band gap. 
Ε
σ
= Ε
Β 
( оъ) 
In the transition region the Arrhenius plot is non-linear. 
If the grain boundary is characterized by a continuous distribution of 
trapping states, the barrier height is given by Eq. 32: 
,2» 2 W A 4 i
s
NA 
^
 =
 *
EG ~ 2lT 2 q N. 
IS [(-ШН^И-Ш*] 
which expresses a practically linear relationship between EL and Τ (Fig. 
З.36). There is no regime in which EL is temperature-independent. The 
activation energy of the conductivity is given by the temperature-independent 
part of EL: 
Ε
σ
 = EL/T = О К) 
Thus, the Arrhenius plot is always linear for EL »kT. 
(81) 
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From the experimental results that were reported in the preceding section 
it can be inferred that (i) the measurements of a vs. /kT give a curve 
that has a linear part, where the activation energy is constant; (11) in 
this regime, the barrier height decreases linearly with T, and can be 
extrapolated to give S0 - ¥L· at Τ = О К (Figs. 3.29 and 3.32, and table 
3.4)· The best explanation of these results is given by the assumption of 
a continuous distribution of interface states over the band gap. 
The present results do not allow a more detailed analysis of the 
density of interface states as a function of energy. In order to refine the 
interface state model, studies of the electrical properties of low-doped 
polycrystallme silicon layers over a wide temperature range are necessary. 
An indication that the distribution of interface states over the band gap 
is not completely independent of energy is supplied by the observation that 
for low-doped samples the activation energy of η-type polysilicon is 
somewhat greater than ¿E-, whereas the activation energy of p-type 
polysilicon is somewhat smaller than ¿E ' . This would suggest that the 
distribution of states is continuous over the band gap, but that there is 
a slightly larger density of states somewhat below the intrinsic level. 
3.5.2.6. PHOTOCONDUCTIVITY 
In polycrystallme silicon layers exposed to light, an increase in the 
conductivity was observed, especially for low-doped layers (Fig. 3.37)· 
This phenomenon has been reported for various materials (for instance 
CdS and CuInSe„ λ Two alternative explanations have been proposed: 
(1) the photoconductivity arises from an increase of the carrier density 
(the "numbers" theory of photoconductivity), or (11) the photoconductivity 
arises from a decrease in the limitations to the corductivity imposed by 
the potential barriers (the "barrier modulation" theory of photo-
29 Ì 
conductivity) . In the present investigations, Hall measurements were 
carried out during illumination experiments, and it was found that samples 
which showed an appreciable photo-effect possessed the same measured 
carrier concentrations in the dark and under illumination for acceptor 
concentrations N. > 10 cm . From this observation it follows that the 
A 
carrier mobility is enhanced by illumination, and this implies that the 
"barrier modulation" theory is valid for polycrystallme silicon layers. 
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Fig. 3.37. Experimental conductivity a of polycrystalline silicon 
in the dark and under illumination (IOO mW/cm ). 
23І Card and Yang have published a theoretical analysis of the 
electronic processes at grain boundaries under optical illumination. Below, 
a first attempt is presented to provide experimental evidence for their 
point of view. 
Under illumination, excess carriers are optically generated, and the 
Fermi level is split into separate quasi Fermi levels. The quasi Fermi 
level for electrons, E_ , is defined by 
η = N_ expl 
№) 
and the quasi Fermi level for holes, E _ , is defined by 
ρ = N
v
 exv\ £τ I 
(82a) 
(82Ъ) 
where η and ρ are the electron and hole concentrations in the illuminated 
steady state situation. In polycrystalline silicon, several photo-carriers 
are generated in the vicinity of the grain boundaries. The minority 
carriers among these migrate to the boundaries due to the band bending. At 
the interface, the minority carriers recombine with the trapped majority 
carriers, giving rise to a recombination current. The net electron current 
1Θ2 
from the conduction band to an interface level at energy E due to the 
capture of electrons is given by 'J i 
JC(E) = qN.s<7v([l - f(E)]n(0) - f(E)n(E)l (83a) 
The first term between braces represents the capture of electrons; the 
second term represents the emission of electrons into the conduction band. 
The net current from the valence band to a level E due to the capture of 
holes is given by 
JV(E) = qN.savlf(E)p(0) - [1 - f(E)]p(E)| ( ЗЪ) 
The first term between braces represents the capture of holes; the second 
term represents the emission of holes into the valence band, a (in cm ) is 
the capture cross section of the interface states for electrons and holes; 
ν (in cm.s ) is the thermal velocity of electrons and holes; f(E) is the 
degree of occupation by electrons of level E; n(o) and p(o) (defined by the 
quasi Fermi levels) represent the free electron and hole concentrations at 
the boundary. Furthermore, 
n(E) = N
c
 exp[(E - E
c
)/kT] 
and 
p(E) = N
v
 exp[(EL· - E)/kT] 
For interface states between the valence band edge and iL , the emission of 
holes is the most probable process, and consequently f(E) ~ 1 for EL· < E < 
EL· . For interface states between EL· and the conduction band edge, the 
emission of electrons is the most probable process, hence f(E) ~ 0 for 
EL· < E < E_. Between E and EL· , the emission processes can be neglected; 
thus, the recombination process is most effective between the quasi Fermi 
levels. Eqs. 83a and 83b can be approximated by 
JC(E) = qN.sav[l - f(E)]n(0) (84a) 
JV(E) = qNis<7vf(E)p(0) (84b) 
for Epp < E < EL·^. 
183 
E
c In the steady state, the net recombination currents J = | л (E)dE and 
E С Ey С 
J
v
 = „I j
v
(E)dE are equal. If it is assumed that f(E) is independent of E 
between the quasi Fermi levels, J,,(E) = J V ( E ) . In that case Eqs. 84a and 
84b yield: 
(1 - f)n(O) = fp(0) (85) 
Concerning the effect of illumination on the electronic processes at 
grain boundaries, two extreme situations can be discerned. As an example, 
p-type silicon will be considered. 
(ι) If the polycrystalline layer is heavily doped, p(o)» n(0). Then, 
according to Eq. 85, f ~ 0. In p-type material, EL· (under moderate 
illumination) ~ E (in the dark). Thus, the recombination current hardly 
influences the occupation of the interface states, and no noticeable effect 
on the barrier height is to be expected. 
( n ) If the acceptor concentration is low, the illumination will cause an 
increased electron concentration such that at the grain boundary initially 
n(o)» p(0). This causes an enhancement of the capture rate of electrons, 
until an equilibrium situation is attained for n(0) ~ p(0). This implies 
that f = i (Cf. Eq. 85). In the steady state situation under illumination, 
the positive charge at the interface is smaller than in the dark. 
Consequently, the barrier height decreases, and the effective mobility 
for the majority carriers crossing the grain boundary is increased. This 
accounts for the increase of the conductivity under illumination. The band 
diagram for the case that f ~ ¿ between the quasi Permi levels is depicted 
in Fig. 3.38. 
The barrier height for this case may be derived from the condition 
that n(0) ~ p(0). The electron and hole concentrations at the grain 
boundary can be expressed as 
n(0) = Nc «ρ[-(ςΦ
η
 - ЕдУкТ] ( ба) 
p(0) = N
v
 exp[-(q(Dp + E^/kT] (8бЬ) 
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Pig. 3.38. The effect of optical illumination on the energy band 
bending at a grain boundary. 
a). Band structure in the dark. Below E , f = 1; above EL,, f = 0. 
b). Band structure under illumination. Below EL, , f = 1; above EL. , 
f = 0; between E_ and EL· , EL, ζ 0.5 in the case of moderate doping. 
Φ іэ the hole potential in the crystal bulk, and is defined by 
Ρ 
Ч
Ф
р
 = kT ln(NV/NA) (87a) 
for p-type material and complete ionization. Φ is the electron potential 
in the crystal bulk, defined by 
qφ = kT ln( C/n) (87b) 
Virtually all electrons present are generated by illumination. Thus, η is 
equal to the excess electron concentration, and qO is determined by the 
illumination level. The barrier height is found by elimination of η(θ) and 
p(0) from Eqs. ба, 86b, and η(θ) = ρ(θ). 
Eg = ¿(q*n - q«p + kT In NV/NC) (88) 
Eii. 88 is only valid for a low dopant concentration. 
In general, the barrier height is determined by (a) the steady state 
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Pig. 3.39• Theoretical barrier height L as a function of the 
acceptor concentration N, in the dark and under illumination. For 
low dopant concentrations, E_ under illumination is determined by the 
illumination level. 
recombination condition (Eq. 85), and (b) the condition that the net charge 
at the interface must be equal to the net charge in the space charge 
region (Cf. Eq. 21). In the dark, the net amount of positive charge in the 
interface states was shown to be proportional to the difference ДЕ between 
the intrinsic level and the Fermi level at the grain boundary, viz. ΔΕ = 
¿E_ - q<I> - E^ (Fig. 3*38a, and Eq. 21 ). Under illumination, the hole 
occupation between the quasi Fermi levels is reduced from 1 to (1 - f). 
Consequently, the net positive charge at the grain boundary under 
illumination is proportional to àE... = (qO - ¿E - E_)1 + (E- - q* -
qd> )(1 - f); cf. Fig. 3.38b. Thus, the neutrality condition under 
illumination can be written as 
qN. :is [(1 - f )(EG - q<Pn - q<Pp) + (q«>n - Ц , - J%) ] = ( 8 ^ / (β9) 
Eqs. 85 and 89 can be solved iteratively to yield f and E_. Fig. 3·39 shows 
the calculated barrier height as a function of the acceptor concentration 
in the dark (Cf. Eq. 22) and under illumination for a concentration of 
photo-electrons η = 10 cm and N. = 3 x 10 (eV) cm 
It may be concluded that the barrier height is not influenced by 
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(IOO mW/cm ). A reduction of EL is found for N < 10 ' cm . 
optical illumination in the high doping range, but that, particularly for 
low acceptor concentrations, it is reduced considerably by illumination. 
The photoconductivity was studied experimentally as a function of 
the acceptor concentration for a series of polycrystalline silicon layers 
deposited on Si,N.-coated silicon slices. The height of the potential 
barrier was determined with the aid of Eq. 75. The results are given in 
Table 3·5 and Pig. 3·40. The experimental data clearly show that the 
barrier height decreases under illumination for low dopant concentrations, 
and that the barriers are not affected by illumination for high dopant 
concentrations. 
If the interface states axe responsible for the most important 
recombination mechanism in polycrystalline silicon layers (which is the 
case for low dopant concentration, and small grain size), then the 
interface state density can be associated with the minority carrier 
32) lifetime т. In p-type material, τ is defined by ' 
1 
η σνΝ_. 
(90) 
where N_ is the density of traps. The concentration of recombination 
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The barrier height in the dark and under illumination for p-type 
polycrystalline silicon layers 
N A (cm"
3) cd ( cm)"
1
 „ ± u ( cm)"
1
 E g ^ e V ) Ев,
и і
(е ) 
1.9 χ 1 0 1 6 
2 . 4 x 1 0 1 6 
6.0 χ 1 0 1 6 
1.4 χ i o 1 8 
3.8 χ 1 0 1 θ 
7.8 χ 1 0 1 8 
0.0044 
0.0092 
0.0435 
10.5 
26.6 
61.5 
Ο.0Θ7 
0.0524 
0.0864 
10.7 
26.7 
61 .5 
0.143 
0.129 
0.105 
0.017 
0.013 
0.006 
0.067 
0.084 
0.088 
0.0165 
0.013 
0.006 
centers per unit area of grain boundary is (1 - f)N. (E_ - E_ )· If the 
band bending is taken into account, the effective surface concentration of 
recombination centers is given by ¿N. (1 - f)(E - E ) ехр(Ті/кТ) . 
In a simple approximation, the grains may be thought of as rectangular 
columns with the dimensions d χ d χ t cm (where d is the grain size, and 
t is the layer thickness); this yields a grain boundary surface to volume 
ratio equal to (4dt)/(d t). Thus, the effective volume density of 
recombination centers may be expressed as 
NT - I Nis ( l _ f ) ( EPn - Epp) exp(VkT) (91 ) 
Substitution of Eq. 9I in Eq. 90 gives 
d ехрГУкТ) (92) 
n 2 Nis"v(1 - ' N ^ - V 
τ = 
This equation shows that the minority carrier lifetime decreases rapidly 
with increasing barrier height. 
The minority carrier lifetimes for a series of polycrystalline silicon 
layers were measured from the transient response of an MOS capacitor 
prepared from these layers '. The results are given in Table 3·6. 
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Minority carrier lifetime and diffusion length in p-type polycrystalline 
silicon layers 
measurement s). 
deposited on Si,N (determined from transient response 
NA (cm - 3 ) 
15 2.1 χ 10 J 
3.1 x 10 1 5 
2.5 χ 1 0 1 6 
4.5 χ 10 1 6 
τ
η
 (ns) 
0.6 
0 . 5 
1.1 
0 .6 
L
n
( » ) 
1.5 
1.4 
2.1 
1.1 
T A B L E 3 · 7 · 
layers deposited on Si-N. (determined from the energy barrier height 
Minority carrier lifetime in p-type polycrystalline silicon silicon 
under illumination) 
N A (cm
-3) E^eV) τ
η
 (ns) 
1.9 χ 10 0.067 0.5 
2.4 χ I O 1 6 0.084 0.2 
6.0 χ I O 1 6 0.088 0.2 
ι kT The diffusion length L was obtained from L = \ІЪ τ and D = —.u . with 
„ .... η n
v
n n n q "n 
μ = 1500 cm V s (electrons being minority carriers here). The diffusion 
length can be used as a measure for the grain size d. 
If Eq. 92 is used, the minority carrier lifetime can be estimated 
with the aid of the data in Table 3«5f and the physical parameters d = 
1.5 χ 10~4 cm, N. = 2.7 χ 10 1 2 (eV)"1cnf2, E_ - E_ = 0.6 eV, f = 0.25, 
-15 2 1 S 7 -1 23) ^ 
a = 10 cm , and ν = 10 cm.s . The results are collected in Table 
3.7. The lifetime data in Table 3.7 are roughly consistent with the 
experimentally determined values for τ in table 3·6. This supports the 
189 
assumption that the intergrain states constitute the main limiting factor 
for the minority carrier lifetime in moderately doped small-grain 
polycrystalline silicon layers. 
5.4. CONCLUSION 
The electrical properties of polycrystalline silicon layers are 
determined to a great extent by grain boundary processes. The grain 
boundaries are characterized by the presence of a continuous distribution 
of energy levels over the band gap; these states are able to capture charge 
carriers. This causes 
(i) a reduction of the majority carrier concentration; 
(ii) the creation of potential barriers at the grain boundaries, due to the 
band bending which is caused by the net charge at the interface; 
(iii) the recombination of excess carriers generated under the influence 
of optical illumination. 
The conductivity of polycrystalline silicon layers in the directions 
parallel to the surface is determined by the depletion phenomena (i), and 
the presence of potential barriers (ii). The depletion of carriers causes 
a very high material resistivity in the low-doping range. Furthermore, the 
band bending hampers the transport of carriers from one grain to the other, 
and thus reduces the mobility. The curve representing the potential barrier 
height as a function of the dopant concentration shows a maximum which 
coincides with a minimum in the carrier mobility. 
The average grain size of the layers affects the electrical properties. 
If the grain size is increased, the mobility of the majority carriers 
increases, and the resistivity decreases. Furthermore, if the grain size 
is large, depletion effects occur only in the low doping range. The 
conduction proceeds essentially by means of a thermally activated thermionic 
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emission current, determined by the height of the potential barriers. 
At high temperatures, and for high dopant concentrations, the 
energy barriers axe low. In that case the contribution of the bulk 
resistance becomes comparable to the barrier resistance, and the conduc-
tivity has a smaller temperature dependence. 
There is some evidence that, at low temperatures, a trap-assisted 
tunneling current contributes to the conductivity. 
The conductivity of moderately doped polycrystalline layers is 
increased if the layers are exposed to optical illumination. This is 
consistent with the assumption that minority carriers, generated under 
optical illumination, recombine with majority carriers in the interface 
states; this leads to a reduction of the barrier height and an increased 
mobility of the free majority carriers. 
In solar cells, it is important that (i) the mobility of the majority 
carriers is high (in order to obtain a low series resistance),and that (ii) 
the lifetime of the minority carriers is high. 
In general, the barrier heights in polycrystalline silicon decrease 
with increasing dopant concentration which implies a high mobility for 
heavy doping. However, the bulk lifetime of the minority carriers decreases 
with increasing dopant concentration. High mobilities were found for 
moderate doping in large-grain silicon layers deposited on tin-coated 
graphite. This indicates that the electronic processes at grain boundaries 
in these films are of minor importance for the conduction process. The 
mobility is a good measure for the crystal quality of polycrystalline 
layers, as it is associated with the grain boundary recombination 
mechanism. 
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SUMMARY 
In the field of the technology given by photovoltaic solar energy 
conversion much attention is being paid to the development of methods for 
the preparation of inexpensive solar cell materials. One of the possibili-
ties that are being studied is the growth of thin polycrystalline silicon 
layers on non-silicon substrates by means of chemical vapour deposition. 
However, the photovoltaic cells that have been prepared from these materi-
als exhibit low conversion efficiencies. One of the main mechanisms that 
reduce the photocurrent in polycrystalline silicon is connected with the 
presence of grain boundaries, which influence the electrical properties. 
Small-grained polycrystalline silicon (having a high density of 
grain boundaries) is usually obtained if silicon is deposited onto a solid 
non-silicon substrate. 
In Chapter 1 a method is presented for the growth of large-grained 
polycrystalline silicon layers. In this process, silicon is deposited 
from the vapour phase onto a graphite substrate that is coated with a thin 
liquid metal layer (tin or aluminium). 
In Chapter 2 the growth mechanism in chemical vapour deposition 
processes on solid and on liquid substrates are analyzed. The influence 
of the process conditions (characteristics of the substrate, composition 
of the gas phase, and growth temperature) on the morphology and on the 
average grain size of the deposited silicon layers has been studied. It 
is found that the presence of a liquid metal on top of a solid substrate, 
and the presence of an etching agent in the gas phase both enhance the 
crystallinity of the silicon layers, within wide limits of the gas phase 
composition and the substrate temperature. 
The mechanism of the growth of large silicon crystallites has been 
studied. It is found that the crystallites grow from the solution of 
silicon in the liquid metal by means of a twin plane reentrant edge (TPRE) 
mechanism. 
In Chapter 3 the electrical properties of polycrystalline silicon 
layers are analyzed. Various models for the electronic structure of grain 
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boundaries are compared. With the aid of experimental evidence it is shown 
that the grain boundaries are characterized by the presence of energy states 
that can best be described as trapping and recombination centers with 
electron energies evenly distributed between the valence and conduction 
band of the semiconductor. 
The influence of the concentration of dopants and of the grain size 
on the electrical properties has been studied. It is found that an increase 
of the grain size enhances the mobility of the majority charge carriers. 
The electrical properties of polycrystalline silicon layers under 
optical illumination are in agreement with the assumption that the grain 
boundaries limit the minority carrier lifetime. 
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SAMENVATTING 
Op het gebied van de technologie van de fotovoltaïsohe omzetting 
van zonneënergie wordt momenteel veel aandacht besteed aan methodes voor 
de bereiding van goedkope zonnecelmaterialen. Een van de mogelijkheden 
die bestudeerd worden is de groei van dunne polykristallijne silicium-
lagen op vreemde substraten door middel van het chemisch neerslaan van 
silicium uit de gasfase (CVD). De fotovoltaïsohe cellen die uit deze 
materialen gemaakt worden hebben echter een laag rendement. Een van de 
belangrijkste mechanismen die de fotostroom verlagen hangt samen met de 
aanwezigheid van korrelgrenzen, die de electrische eigenschappen beïnvloe-
den. 
Fijnkorrelig polykristallijn silicium (met een hoge dichtheid van 
korrelgrenzen) wordt verkregen als silicium wordt neergeslagen op een 
vaste vreemde ondergrond. 
In hoofdstuk 1 wordt een methode beschreven voor de groei van grof-
korrelige polykristallijne siliciumlagen. In dit proces wordt silicivm· 
door middel van CVD neergeslagen op een grafietsubstraat dat bedekt is 
met een dunne vloeibare metaallaag (tin of aluminium). 
In hoofdstuk 2 worden de groeimechanismen gearalyseerd die optreden 
in CVD processen op vaste en vloeibare substraten. De invloed van de 
procescondities (de hoedanigheid van het substraat, de samenstelling 
van de gasfase, en de groeitemperatuur) op de morfologie en op de gemid-
delde korrelgrootte is bestudeerd. Het blijkt dat de aanwezigheid van een 
vloeibaar metaal op het oppervlak van het vaste substraat en de aanwezig-
heid van etsende verbinding in de gasfase beide de gemiddelde korrelgrootte 
van de siliciumlagen bevorderen, en wel binnen brede grenzen van de gas-
fasesamenstelling en de temperatuur van het substraat. 
Het mechanisme van de groei van grote siliciumkristallieten is 
onderzocht. De kristallieten groeien uit de oplossing van silicium in het 
vloeibare metaal, door middel van nucleatie in een inspringende hoek ter 
hoogte van een tweelingvlak (TPRE mechanisme). 
In hoofdstuk 3 worden de electrische eigenschappen van polykristallijne 
siliciumlagen geanalyseerd. Diverse modellen voor de electronische structuur 
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van korrelgrenzen worden vergeleken. Met behulp van experimenteel bewijs-
materiaal wordt aangetoond dat de korrelgrenzen worden gekarakteriseerd 
door de aanwezigheid van energietoestanden die vrije ladingsdragers kunnen 
invangen en rocombinatie kunnen bevorderen; deze toestanden hebben elec-
tronen-energieën die practisch homogeen verdeeld zijn tussen de valentie 
band en de geleidingsband van het halfgeleidende moeder-rooster. 
De invloed van de dotering en de gemiddelde korrelgrootte op de 
electrische eigenschappen is onderzocht. Het blijkt dat een vergroting van 
de afmetingen van de korrels leidt tot een hogere mobiliteit van meerder— 
heidsladingsdragers. 
De electrische eigenschappen van polykristallijne siliciumlagen 
onder optische belichting zijn in overeenstemming met de veronderstelling 
dat de korrelgrenzen de levensduur van de minderheidsladingsdragers beper-
ken. 
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natuurwetenschappen heeft tot gevolg dat de epistemologische problemen 
van deze wetenschappen onvoldoende beseft worden. 
II 
De aanwezigheid van "hollow cores" op uit de gasfase gegroeide 
siliciumoppervlakken (genoemde publicatie, fig. 12) is in stryd met het 
door Chernov voorgestelde zelfconsistente-nucleatie mechanisme. 
A.A. Chernov, J. Crystal Growth, £2 (1977), 55-
III 
Bjj hun analyse van het systeem ZnS - CuInS houden Sombuthawee et al 
onvoldoende rekening met het invxiesgedrag van hoge-temperatuur 
modificaties, en komen tot onjuiste gevolgtrekkingen inzake het 
fasendiagram van dit systeem. 
C. Sombuthawee, S.B. Bonsall, and F.A. Hummel, J. Solid State Chem. 
2¿ (1978), 391. 
IV 
Het feit dat Gerloch het angular overlap model, afkomstig uit de M0-
theorie, ook gebruikt binnen het formalisme van de ligandveldtheorie, 
schept onnodig verwarring. 
M. Gerloch and R.C. Slade, "Ligand-Field Parameters", Cambridge 
University Press (l973)î M. Gerloch, I. Morgenstern-Badarau, and 
J.-P. Audiere, Inorg. Chem. 18 (1979). J220. 
ν 
Op theoretische en experimentele gronden mag worden aangenomen dat de 
door Treichel et al gerapporteerde redox serie Cr(CNB)¿~ I I I ¿
η 
werkelijkheid de serie Cr(CNR),- ' ' ' is. 
G.J. Essenmacher and P.M. Treichel, Inorg. Chem. 1_6 (1977),Θ00; 
zie ook Η.К. Lloyd, and J.A. McCleverty, J. Organomet. Chem. 6l_ 
(1973), 261. 
VI 
Als een wetenschappelijke theorie opgevat kan worden als een conjunctie 
van stellingen, dan impliceert de wetenschapsfilosofie van Popper dat 
de ontwikkeling van een wetenschappelijke theorie samenvalt met een 
vermindering van de waarschijnlijkheid van die theorie. 
K.R. Popper, "Conjectures and Refutations", Routledge and Kegan 
Paul, London I963, 5th Ed. (1974), pp. 280f. 
VII 
In beschouwingen over evolutietheorie dienen teleologische uitdrukkingen 
vermeden te worden. 
M. 't Hart, Hollands Maandblad 378, mei 1979; D. Hillenius, NRC-
Handelsblad 8-9-1979; zie ook: K. van het Reve, Hollands Maandblad 
378, mei 1979; R. Kousbroek, NRC-Handelsblad 29-6-1979; motto van 
dit proefschrift. 
Vili 
Tegen de door Pak en Verkuil voorgestelde methode ter bepaling van de 
zuurstofconcentratie in siliciumkristallen zjjn bezwaren in te brengen 
welke de toepasbaarheid twijfelachtig maken. 
M.S. Pak and R.L. Verkuil, Pali Meeting of the Electrochemical 
Society, October 1979, Extended Abstracts Nr. 541. 
IX 
Een analyse van de driehoeksverhouding in Herriman's "Krazy Kat" wordt 
bemoeilykt door de onduidelijke kunne van de hoofdpersoon. 
G. Herriman, "Krazy Kat", Grosset and Dunlap Inc., New York 1975· 
Mart Graef Nymegen, 1 februari 1980 


